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3I. Abstract
We present the design, development and characterisation of an experimental
platform for studying astrophysically relevant plasma jet interactions with ambi-
ent plasma. Jet and ambient plasmas are formed during the z-pinch discharge of a
1.4MA, 240ns current pulse delivered by Imperial College London’s MAGPIE gen-
erator. Jets are of centimetre length and microsecond lifetime but have sufficiently
large Reynolds and Péclet numbers (> 10,000) to permit well-scaled comparison
with non-magnetised astrophysical jets, including the bipolar outflows of protostars.
Jet densities are of order 1019 particles per cubic centimetre, and density ratios (jet
density/ambient density) between 1 and 10, are demonstrated. Jets are formed by
ablation of micrometer thickness aluminium (Al) or tungsten (W) wires arranged
in the conical or radial wire array z-pinch geometries. Ambient plasmas are formed
during the same current pulse by ablation of wires in the cylindrical wire array ge-
ometry, or the surface of a 14 micrometre thickness, 40mm diameter aluminium foil.
Leading shock features launched by conical wire array jet material into foil-driven
plasmas demonstrate effective adiabatic indices of 1.4 and 1.2 for Al/Al and W/Al
interactions respectively. Radial wire arrays are observed to drive higher Mach
number interactions than those of conical wire arrays, with upstream Mach num-
bers M > 3.5 and M > 1.7 respectively. Instability growth is observed during radial
wire array jet experiments along the leading shocks and jet edges, on timescales
typical of Rayleigh-Taylor and Kelvin-Helmholtz instabilities under our experimen-
tal conditions. This work complements and extends current numerical modelling
of non-magnetised astrophysical jet propagation, and offers a body of controlled,
repeatable experimental data for future code validation work.
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Chapter 1
Introduction
The steady march of the world’s High Energy Density (HED) machines to higher
power has provided an invaluable new tool in the quest to understand the behaviour
of matter under the most extreme conditions. In particular, the astrophysical plas-
mas created in the hostile circumstellar environment and around the compact objects
can now be tested repeatably under laboratory conditions (see review [1]). In such
experiments small volumes of material are heated to extreme temperatures by mod-
erate energies (kJ-MJ) compressed to very short (ns-µs) timescales. These powerful
pulses are delivered to a target region by laser, particle accelerator or the electri-
cal discharge of a fast z-pinch. The superheated material may then be probed and
measurements of system properties (density, temperature, opacity etc.) established
to high precision. Such experiments may be fielded to constrain the equation of
state of the gas giants [2] or response of the solar atmosphere to radiation [3] [4] to
unprecedented accuracy, providing reliable measurements for comparison with as-
trophysical models. The dynamical evolution of astrophysical systems may also be
investigated in a similar manner, by interacting small volumes of well-scaled HED
fluids under carefully controlled conditions [5]. These experimental test-beds provide
well diagnosed and repeatable systems against which computational simulations can
be rigorously benchmarked.
Of the dynamical interactions of astrophysical plasmas the collision of the colli-
mated outflows of protostars with the interstellar medium - the Herbig-Haro (HH)
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a) b)
Figure 1.1: Broadband emission image of the HH34 protostellar outflows (a) with
magnified image of the southern jet captured under an Hα emission line filter (b).
Note the collimation of jet material at the jet base relative to the broad, highly
structured interaction surface at the tip.
objects [6] [7] - are of particular interest. This is in part due to the abundance
of such objects in the local universe and relative detail of observations (see figure
1.1) but also because similar plasma jets appear a ubiquitous feature of accreting
systems [8] and a critical component in the lifecycle of numerous astrophysical phe-
nomena. Indeed they are routinely observed in both relativistic and non-relativistic
regimes [9] and at length scales from inter-stellar [10] to inter-galactic [11].
Despite marked improvements in observational detail over recent decades, the
origins of complex structure formed when such jets encounter the ambient plasmas
surrounding the source region is not fully understood. Compounding the absence of
well constrained parameters for the astrophysical environment is a scarcity of well
diagnosed experimental data against which numerical simulations may be bench-
marked. The interaction dynamics not only contain information about the compo-
11
sition of interstellar and intergalactic plasmas but also reflect the plasma dynamics
of the jet and physical processes occurring at the driving source. In the case of pro-
tostellar jets the constancy of stellar accretion [12], rate of momentum transfer [13],
influence of magnetic fields [14] and radiative efficiency [15] remain open questions.
In recent years significant progress has been documented towards a repeatable
laboratory testbed for protostellar jets. Most promisingly the plasma jets driven
by z-pinch machines have achieved reliable production and diagnosis of tightly col-
limated supersonic beams at ∼1cm scale lengths [16] [17]. Control of both radia-
tive efficiency, angular momentum [18] and magnetic field strength [19] have been
demonstrated, highlighting the important role of these key players on jet collima-
tion. Interaction of these jets with perpendicular plasma flow has demonstrated jet
deflection [20] and injection of neutral gas above the jet introduces a highly radiative
bow shock at the interaction interface [21] [22]. However, it has not yet been possi-
ble to demonstrate the formation of complex structure along and behind the initial
interaction surface so characteristic of the protostellar jet-ambient interactions [23].
Neither is there evidence of the subsidiary shocks within the interaction region that
are a consistent feature of the Herbig-Haro objects [24].
Numerical simulations e.g. [26] [25] suggest that a combination of higher Mach
numberM  1 and stronger radiative cooling may be responsible for the additional
instability of the interaction surface. Furthermore, recent computational work sug-
gests that the pre-ionisation of both jet and ambient media may be of fundamental
importance in the interaction evolution [27]. In order to test these hypotheses an ex-
perimental platform is designed to enable repeatable, well diagnosed propagation of
a radiatively cooled z-pinch plasma jet into a counter-propagating ambient plasma.
Experiments are performed using the MAGPIE z-pinch at Imperial College London
which delivers an Imax = 1.4MA, Pmax ∼ 1TW pulse to the target electrodes with
a trise = 240ns initial rise time. Both jet and ambient plasmas are generated under
the same machine current, enabling high repeatability experimental results whilst
minimising hardware complexity. A modular configuration enables fine tuning of
jet and ambient densities and cooling rates by variation of target geometries and
materials. Jet and ambient Mach numbers can also be specified by control of flow
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Figure 1.2: Numerically simulated radiatively cooled jet-ambient inter-
actions according to Blondin et al. [25]. The rate of jet cooling increases
to the right, with the adiabatic case included at the left.
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direction and velocity. The experimental design permits highly resolved density mea-
surement across the interaction region, local flow velocity and temperature probing
and time resolved self-emission imaging. Emissive flow features may now be com-
pared to their astrophysical and computational analogues alongside well constrained
laboratory measurement of the fluid parameters ultimately at work.
1.1 Simulating an astrophysical jet
In designing an astrophysically relevant experiment it is first essential to determine a
region of interest, understand constraints established within this region by observa-
tion and appreciate which questions remain unanswered. The study of astrophysical
jets is traditionally divided into three key stages - launching, collimation and propa-
gation - each of which is required to account for the existence of extended supersonic
flows. Following the seminal work of Blandford and Rees [28] extensive theoretical
work has been applied to launch and collimation mechanisms, both of which occur
at length scales inaccessible to current instruments. The simplest of these models
are purely hydrodynamic [28] [29] [30], with outflows launched by thermal pressure
and collimated by interaction with a non-uniform ambient medium. More advanced
theories invoke magnetic forces during both launch and collimation stages, where
rotating poloidal field anchored in a current carrying accretion disc accelerates ma-
terial centrifugally along open field lines [31] [32] [33]. In these models some degree
of toroidal field is often invoked as a collimation mechanism e.g. [34] which may
emerge naturally due to the differential rotation of poloidal field lines at increasing
distance from foot points anchored in the disc. In magneto-centrifugal acceleration
models jets can extract a significant fraction of the angular momentum of accreting
disc material and are therefore critical in enabling star formation.
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Table 1.1: Astrophysical Jets: Observational Results
Jet Type Length Speed Timescale source size
Accretion
disc detected
Protostellar 1.0pc 100kms−1 3,000yrs 5R Yes
Herbig-Haro 1.0pc 400kms−1 1,000yrs 3R Yes
Planetary nebula 0.1pc 300kms−1 300yrs 100R No
Gamma ray burst 0.1pc ∼ c 100days 10km No
Quasar 10pc ∼ c 10yrs 10AU Yes
Radio Galaxy FRII 300kpc ∼ c 1Myrs 10AU Yes
Observationally constrained parameters of commonly detected astrophysical
jets. This non-exhaustive list is adapted from Smith [35], with the solar radius
expressed as R .
It is only in the jet propagation region that these theories can be confronted with
observation. For this reason flow features recorded along the jet length have been
the subject of intense numerical and, increasingly, experimental study over recent
decades. Despite enormous variation in length and timescales (table 1.1) many
features (e.g. the formation of emission knots along the jet length in both radio [36]
and protostellar [24] jets) are consistently observed in all breeds of extra-solar jet.
These similarities may be due in part to some universal launching and collimation
mechanism, but are most likely to reflect the scale invariance of the dynamical
equations governing the fluid propagation. Along the jet length flow dynamics are
expected to be described uniquely by the appropriate conservation equations of mass,
momentum and energy at each position. These equations may readily be formulated
in terms of dimensionless governing parameters as demonstrated in table 1.2 for the
relatively straightforward example of an isolated, time independent, viscous gas.
Detailed treatments including magnetic fields may be found in textbooks e.g. [37].
It is evident by inspection of equations 1.4–1.6 that two viscous monatomic gases
(γ = 5/3) will reach the same steady state in dimensionless coordinates x∗, u∗, ρ∗
etc. if the following conditions are satisfied (see e.g. [39]):
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Table 1.2: Forming Dimensionless Conservation Equations
A) 1D conservation equations of a viscous gas
Mass ddx(ρu) = 0 (1.1)
Momentum ρududx +
d
dx
(
p− 43µdudx
)
= 0 (1.2)
Energy ddx
(
ρu
(
ε+ 12u
2
)
+ pu− 43µdudxu− κdTdx
)
= 0 (1.3)
Conservation equations of a viscous gas (from e.g. Zeldovich [38]) with density ρ, pressure p,
temperature T , dynamic viscosity µ (kg/ms−1), specific internal energy ε (J/kg) and thermal
conductivity κ (W/Km).
B) Transform to non-dimensional variables x → x*
x = xˆx∗ u = uˆu∗ ρ = ρˆρ∗ p = pˆp∗ T = Tˆ T ∗ ε = εˆε∗
Dimensional variables x, u, ρ etc. are replaced by pairs of (dimensional) characteristic system
values xˆ, uˆ, ρˆ etc. and non-dimensional parameters x∗, u∗, ρ∗etc. in the range 0–1 which
account for spatial variation across the system.
d
dx∗
(ρ∗u∗) = 0
(
ρˆuˆ2
xˆ
)
ρ∗u∗
du∗
dx∗
+
(
pˆ
xˆ
)
dp∗
dx∗
− 4
3
µ
(
uˆ
xˆ2
)
d2u∗
dx∗2
= 0
d
dx∗
(
(uˆ3ρˆ)ρ∗u∗
(
ε∗ +
1
2
u∗2
)
+ (pˆuˆ)p∗u∗ − 4
3
µ
(
uˆ2
xˆ
)
du∗
dx∗
u∗ − κ
(
Tˆ
xˆ
)
dT ∗
dx∗
)
= 0
C) Form dimensionless groupings
M2 =
(
uˆ
cs
)2
= uˆ2
ρˆ
γpˆ
Re =
ρˆuˆxˆ
µ
Pe =
ρˆuˆxˆcp
κ
Characteristic system values are formed into dimensionless groupings - the Mach M , Reynolds
Re and Péclet Pe numbers - with the sound speed cs assuming its ideal gas value cs =
√
γ pρ .
Internal properties of the fluid are expressed by specific heat capacities cv and cp at constant
volume and pressure, and their ratio γ = cpcv , the adiabatic index. The ideal monatomic gas
results ε = 12u
2, 12mu
2 = 32kBT and the specific gas constant R =
kB
m = cp − cv have been
applied to simplify the analysis.
d
dx∗
(ρ∗u∗) = 0 (1.4)
ρ∗u∗
du∗
dx∗
+
1
γM2
dp∗
dx∗
− 4
3
1
Re
d2u∗
dx∗2
= 0 (1.5)
d
dx∗
ρ∗u∗(ε∗ + 1
2
u∗2
)
+
1
γM2
p∗u∗ − 4
3
1
Re
du∗
dx∗
u∗ − 1(
1− 1γ
) 1
Pe
dT ∗
dx∗
 = 0 (1.6)
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1) Geometric and kinematic similarity - At some initial time both system and simulation
are topologically identical in dimensionless space x∗, u∗, ρ∗ etc. with the direction of
fluid flows oriented alike in both systems.
2) Similarity of governing parameters - Dimensionless numbers describing the fluid M ,
Re, Pe etc. are the same or similar (see below) in both systems.
The above similarity criteria hold for fluids under arbitrary physical conditions,
with additional governing parameters appearing in the conservation equations to
account for additional dynamically significant physical processes. Most critical to
the propagation of astrophysical jets is deflection of material by magnetic fields, and
a magnetic pressure term must be included in the momentum equation (1.5). This
term is non-dimensionalised by the magnetic Mach number Mm = u/uA, where the
Alfvén velocity uA reflects the magnetic field strength B according to the well know
relation uA = Bµoρ . As with all dimensionless numbers, it is the reciprocal magnetic
mach number 1/Mm which appears as the prefactor for the new magnetic term.
A selection of typical jet parameters is included in table 1.3 for the protostellar
jets, alongside those applied in a M = 10 computational simulation due to Blondin
et al. [25] and recorded under our experimental conditions (see section [s.2.1]). Given
the collisional mean free path l of each fluid, the kinematic viscosity ν = µ/ρ and
thermal diffusivity α = κ
ρcp
may both be approximated as the ideal gas diffusion
coefficient 1
3
uˆl [38], providing a first order estimate of both Reynolds and Péclet
numbers Re ∼ Pe ∼ xˆ/l. Typical order or magnitude values for observation, sim-
ulation and experiment are included in table 1.4. Note that except at the highest
estimates of entrained magnetic field, the Mach number M of the protostellar jets
is significantly smaller than all other dimensionless parameters indicating that these
jets are strongly inertially dominated. Since all dimensionless variables x∗, u∗, ρ∗
etc. are selected such that they are of order unity, this observation removes all
but the leading pair of terms from the dimensionless conservation equations 1.5–1.6.
Although the absolute value of governing parameters is many orders of magnitude
lower than their astrophysical analogue, this approximation also holds for our exper-
imental jets provided magnetic fields are successfully excluded and the scale length
of features of interest is no smaller than dx∗ =
√
Re.
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Table 1.3: Astrophysical Jets and Models
Protostellar
2D Radiative
Simulation
MAGPIE
Experiment
Thermodynamic properties
Particle density nˆ (/cm−3) 103 − 104 20 1019
Flow velocity uˆ (/cms−1) 107 2.5 × 107 107
Temperature Tˆ (/eV) 1 1 50
Adiabatic index γ 1 - 53
5
3 1 -
5
3
Magnetic field Bˆ (/T) 0 - 10−6 0 0.1 - 300
Characteristic scales
Radius rˆ (/cm) 1016 − 1019 1016 0.1
Length Lˆ (/cm) 1017 − 1019 1017 1
Timescale tˆ (/s) 109 − 1011 109 10−7
Plasma parameters
Debye length λD (/cm) 100 — 10−6
Debye number ND 109 — 200
Collision rate νei (/Hz) 10−2 10−8 1012
Mean free path lei (/cm) 109 2.5 × 1014 10−5
Thermodynamic properties, characteristic scale lengths and plasma parameters as
established for propagating protostellar jets by observation [8]. Variations reflect the
diverse variety of outflows recorded and the uncertainty associated with measurements,
particularly for magnetic field strength. Input parameters for 2D radiative simulation
refer to Blondin et al. [25] and are determined for our experiments in section [s.2.1].
Table 1.4: Jet Propagation Dimensionless Parameters
Protostellar Simulation Experiment
Mach M = uˆjetcˆa 10—100 20 1—20
Magnetic Mach Mm =
uˆjet
uˆA|a 10
−3—∞ ∞ 10−2—103
Reynolds Re = ρˆuˆxˆµ >10
7 ∞ >104
Péclet Pe = ρˆuˆxˆcpκ >10
7 ∞ >104
Dimensionless parameters for protostellar jets and their computational and
experimental analogues are estimated to order of magnitude using characteristic values
in table 1.3. Sound speed cs is specified by the ideal gas relation cs =
√
γRT where R is
the specific gas constant.
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Despite rapid progress in both computational and experimental simulation over
recent decades several key features of protostellar outflows remain in question. Sem-
inal work by Norman et al. [40] demonstrated the formation of internal working sur-
faces within a propagating adiabatic (Re = Pe = ∞) supersonic M ≤ 6 jet within
a higher density ambient medium, suggesting a natural explanation for the knotty
structure of the flow. Later authors [41] [42] examined pulsed sources, advancing
periodicity of the driving region as an alternate mechanism for this knot formation.
Instability formation along the working surface at the jet tip is captured by some
radiative hydrocodes e.g. [41] [12] without requirement for pulsed operation.
Astrophysical laboratory jet experiments begin to reproduce significant dynam-
ical complexity from around the turn of the century. Pioneering work by Foster et
al. using the 6TW Omega laser demonstrated the production of 0.01mm diame-
ter, M = 3 jets driven by irradiation of the back surface of an aluminium pin [43].
This experiment demonstrated broadening of the propagating jet tip due to Kelvin-
Helmholtz roll-up, supporting computational work using adiabatic jets by Norman
and others. A similar experiment by Hartigan et al. [44] demonstrated disruption of
the interaction surface due to a high density obstacle (see figure 1.3), supporting an
ambient-driven model for the perturbations observed along the leading edge of many
astrophysical jets. In 2004 Ampleford et al. [45] successfully demonstrated a com-
plete laboratory astrophysics experiment using a fast z-pinch for production of jet
material, achieving significantly larger ∼cm length scales (and hence higher spatial
resolution) than possible with current laser systems. This experiment modelled jet
deflection due to a transverse plasma ’wind’, resolving the internal jet shocks pre-
dicted by numerical simulation [46] [47]. Our plasma jets will be injected steadily
and interacted with stationary and counter-streaming ambient plasma. In this way
we hope to demonstrate the formation (or absence) of knots along the propagation
length and structure at the jet tip without requirement for a pulsed source.
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a) b)
Figure 1.3: Experimental setup (a) and x-ray radiography image (b) of a laser driven
experimental jet-target interaction. Plasma is generated by indirect irradiation of t
titanium washer and interacts with a polystyrene sphere. Reprinted from Hartigan
et al. [44]
1.2 Outline of work
This thesis is divided into six chapters, of which two construct a theoretic frame-
work within which interaction and diagnostic systems can be understood, and the
subsequent four present experimental results and conclusions. In the first chapter,
theoretical background is presented to inform well grounded discussion of the com-
pression and rarefaction behaviours of supersonic flow. The ideal gaseous plasma
is included for completeness and a radiative fluid description presented [s.2.1]. In
section [s.2.2] we introduce the origin of shock compression at the collisional inter-
face between two gaseous fluids and the characteristic density distribution generated
by a sudden rarefaction. The concept of an impenetrable contact discontinuity be-
tween two gases is introduced and the response of such a boundary to an abrupt
pressure change is demonstrated. The interaction of shocks and rarefactions with
such boundaries is discussed in the context of supersonic flows incident at the lead-
ing edge of a thin flyer plate and within a well collimated beam [s.2.3]. Finally, the
Rayleigh-Taylor and Kelvin-Helmholtz instabilities expected when such boundaries
are exposed to perpendicular acceleration or parallel shear are introduced.
There follows brief discussion of the pulsed power driver [s.3.1] and the operation
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of diagnostic systems by which machine, fluid properties and dynamical evolution
are recorded. The setup of time-gated optical and Extreme Ultra-Violet (XUV)
self-emission cameras is presented [s.3.2] alongside discussion of their spatial and
temporal resolution. Shadowgraphy and interferometry laser probing systems for
measurement of shock geometry and areal electron density are introduced [s.3.3],
along with an overview of experimental uncertainty and the computational pro-
cedures by which quantitative results are recovered. Brief discussion of Thomson
scattering in ionised gases [s.3.3.3] lays theoretical groundwork by which plasma
velocity and temperatures can be quantitatively constrained.
Chapter [c.4] presents the interaction of conical wire array jets with the lower
density plasma generated within wide cylindrical wire arrays. Radial density distri-
bution is constrained within a D = 30mm diameter tungsten wire array [s.4.1.2.2]
and the collapse time at which the column shrinks to small radius is determined
for 25 < D < 37mm tungsten arrays [4.1.2.1]. Tungsten conical wire array jets
are characterised in [s.4.2] for a D = 26mm large diameter, d = 12mm small di-
ameter, l = 12mm axial length geometry similar to those used in subsequent work.
Flow velocity along the jet length is estimated by time-gated ∆t = 20ns interframe
laser backlit imaging of flow features. Jet density is found to exhibit typical elec-
tron density ne ∼ 5 × 1018cm−3 and the decrease along the propagation length is
well described by centred rarefaction expansion along the jet axis. Interaction of
(D, d, l) = (20, 12, 12)mm conical wire array jets with tungsten cylindrical array
precursor plasmas is presented in [s.4.3] and the influence of decreasing cylindrical
array diameter is investigated. The role of radiative cooling is identified by replace-
ment of the tungsten wires of the conical array by aluminium, driving plasmas that
behave adiabatically on experimental timescales [s.5.1.2.2].
Chapter [c.5] considers the interaction dynamics produced by substitution of
a radial foil in place of the cylindrical wire array. The foil outflow is charac-
terised under vacuum [s.5.1] and density distribution is found also to be well ap-
proximated by an axial centred rarefaction fit. Temperature and velocity distri-
butions are determined along the axis from scattered spectra due to an axially
propagated (Pmax, λ0) = (∼ 1GW, 532nm) laser pulse. The foil is found to inject
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densities ne ∼ 1 × 1018cm−3 across a cylindrically symmetric region extending to
large r > 4mm diameter and its applicability as a source of ambient plasma is
demonstrated. The supersonic dynamics generated by introduction of a co-axial,
counter-propagating conical wire array jet to the radial foil outflow are presented
in [s.5.2]. The influence of radiative cooling is investigated across attached oblique
shocks at the jet tip by exchange of conical array material. Shocks are well described
by effective adiabatic indices γ¯ = 1.4 and γ¯ = 1.2 for aluminium-aluminium and
tungsten-aluminium jet-ambient interactions respectively.
Final results are collected in chapter [c.6] illustrating the jet-ambient interaction
between an aluminium radial wire array jet and the radial foil ambient. Jet veloc-
ity and temperature are characterised before development of the interaction [s.6.2.1]
and maximum observed velocities reach u = 120±10kms−1 at the t = 164ns probing
time. The influence of this higher velocity jet on interaction structure and evolu-
tion is investigated over the following sections [s.6.2.2]–[s.6.2.3]. In particular the
Rayleigh-Taylor and Kelvin-Helmholtz instabilities recorded along jet-ambient in-
terfaces in advanced evolutionary development are contrasted with similar features
observed at lower Mach number during conical wire array jet experiments. Results
are summarised in [c.7] and conclusions drawn demonstrating the applicability of
the series z-pinch target to the future study of plasma jet-ambient interactions.
1.3 Role of the author
All experimental work presented in this report is performed on the (Imax, trise) =
(1.4MA, 240ns) MAGPIE z-pinch facility at Imperial College London. The experi-
mental team includes post-doctoral and graduate students each of whom contribute
to the daily operation and safe-running of machine and diagnostic systems. The
success of any experiment depends on the commitment of all and the author has
contributed to published work [48] [49] [50] and is greatly indebted to the team for
their assistance during work presented here. With the exception of sections [s.4.2]
and [s.5.1], results presented in the following have been obtained under the sole
leadership of the author. Remaining data has been collected in collaboration with
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Drs. S.C. Bott [s.4.2] and F. Suzuki-Vidal [s.5.1]. Except where specific reference
is made to the work of others all analysis and presentation has been undertaken
by the author. This work has been presented in part at international conferences
in the fields of laboratory astrophysics and pinch physics [51] [52] and published in
astrophysical, plasma and broader physics journals [21] [53] [50] .
Chapter 2
Theoretical Background
Before setting about the presentation and discussion of plasma jet-interactions it is
necessary to develop a theoretical framework in which data can be most usefully in-
terpreted. To achieve a well-rounded understanding of our experimental plasmas and
their dynamics our discussion here will be three-fold. The plasma fluids generated
during a MAGPIE discharge and their typical thermodynamic (density, temperature
etc.) and kinetic (collision timescales) properties are introduced in section [s.2.1].
There follows discussion of the rarefaction and compressional features expected as
such plasmas are injected to a target and driven together [s.2.2]. In particular the
density and temperature profiles expected across a compressional shock propagating
in a plasma are presented in [s.2.2.3]. The formation and dynamics of fluid interfaces
are introduced in section [s.2.2.4]. Finally the hydrodynamics of supersonic flow are
introduced in section [s.2.3] and the propagation of a supersonic jet and deflection
of supersonic flow around a jet-like obstacle are discussed [s.2.3.3].
2.1 Radiative Hydrodynamics
2.1.1 Plasma as an ideal gas
Even at their most highly ionised it is very often possible to model a plasma accord-
ing to the equations of state of an ideal gas. This approximation requires neglect
of long distance inter-particle forces, and is only appropriate for a sea of interact-
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ing charge carriers if there are sufficient free electrons to rapidly damp electrostatic
forces. Solving Gauss’s law for a positive test charge introduced to a sea of highly
mobile electrons [54] yields the familiar shielded potential φ with characteristic De-
bye length e-folding radius:
φ(r) =
Ze
4pi0r
exp
(
− r
λD
)
λD =
√
0kBTe
n¯ee2
≈ 7.43× 102
(
Te(/eV)
ne(/cm−3)
) 1
2
cm (2.1)
Here φ(r) is the electrostatic potential at distance r from a test particle of positive
charge Ze in an electron ‘sea’ at temperature and number density Te and ne. Physical
constants adopt their usual values in S.I. units and we shall maintain this system
throughout. Thus at distances r  λD the potential due to any given test charge is
dramatically reduced by the shielding effect of the free electrons.
The Debye model relies on the quasineutrality ne ≈ Zni of plasma systems, where
volumes containing statistically significant particle number are globally neutral (usu-
ally an excellent approximation) but can support charge separation across scale
lengths of order λD. This approximation is strictly valid only for plasma systems suf-
ficiently close to thermal equilibrium Te ≈ Ti where the disparity in proton and elec-
tron masses mi > 1800me ensures that the lower ion mobility v¯i ∼
√
2kTi/mi  ve
can be neglected. In practice however increasing ion mobility acts to reduce the
shielding length and thus equation (2.1) provides a useful upper limit across which
electrostatic forces can exert significant influence on inter-particle interactions.
The derivation of (2.1) relies also on the establishment of thermal equilibrium
within the electron population due to the interactions of a statistically large number
of electrons surrounding each test charge. This condition leads to the definition of
the Debye number ND, indicating the total number of electrons within one Debye
radius of the test charge (2.2).
ND =
4
3
pineλ
3
D ≈ 1.72× 109
(
T 3e (/eV)
ne (/cm−3)
) 1
2
(2.2)
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Only where ND is very much greater than unity is the assumption of a statistically
distributed electron population around each test charge well grounded. High electron
mobility ensures this large number of interacting elections can always establish a
local thermal distribution on ion process timescales, except in wildly non-equilibrium
plasmas for which Ti  Te. The condition ND ∼ neλ3D  1 therefore ensures the
establishment of a Debye shield around each ion. Under these circumstances an ideal
gas model can be assumed since well shielded ions can be treated as non-interacting
across system length scales L λD.
Plasmas sufficiently close to thermal equilibrium Ti ≈ Te for which ND  1
are known as ideal plasmas. Under these conditions the equations of state reduce to
those of an ideal gas as evaluated independently for the electron and ion populations.
The constitutive equations of such a plasma are included in table 2.1. At thermal
equilibrium internal energy is divided by equipartition into each of the j orthogonal
energy states (translational, rotational, ionisational etc.). The relationship between
pressure and volume during an adiabatic process pρ−γ = constant is uniquely defined
by the adiabatic index γ which depends exclusively on the number of available energy
states (2.5). For an ideal gas adiabatic processes are isentropic and the sound speed
c2s ≡
(
∂p
∂ρ
)
S
, relating changes of pressure and density in a non-dissipative gaseous
system, is also fully determined by γ (2.6).
MAGPIE plasmas are characterised by electron temperatures in the range 1 .
Te . 100eV (kBT = 1eV at T = 11.6 × 103K) and electron densities 1017 . ne .
1019cm−3. Thus the Debye length is always smaller than 1µm and the Debye num-
ber ranges from 1 . ND . 10, 000. In many MAGPIE environments therefore
the assumption of large particle number in the Debye sphere provides an excellent
description and ions are well shielded. However, in regions of highest density and
strongest radiative cooling this approximation may be tested to its limits, and care
must be taken before applying results of table 2.1. Ion temperatures within jet plas-
mas diagnosed during the following work do not greatly exceed 100eV and the low
ion mobility assumption is certainly permissible in these regions. However, there are
frequently large discrepancies between electron and ion temperatures during z-pinch
discharges, and it is often expedient to treat the populations as two independent
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Table 2.1: Constitutive Equations of an Ideal Plasma
Equation of State p = ni(1 + Z¯)kBT (2.3)
Internal Energy  =
j
2
ni(1 + Z¯)kBT (2.4)
Adiabatic index γ =
cp
cV
=
j + 2
j
(2.5)
Sound speed c2s = γ
p
ρ
= γ
(1 + Z¯)kBT
mi
(2.6)
Equations relating state variables pressure p, density ρ and temperature
T in an ideal plasma of ionic mass number A and average charge Z¯ in
thermal equilibrium Ti = Te. The integer j indexes the number of
independent thermodynamic degrees of freedom available to the plasma.
ideal gases in thermal equilibrium at different temperatures Te and Ti. Ion thermal
temperatures as high as Ti ∼ 20keV have been documented in the lowest density
(ne ∼ 1017cm−3) MAGPIE plasmas [50] and particular caution must be exercised
when evaluating thermodynamic variables in highly rarefied material.
2.1.2 Plasma kinetics
In additional to collisional processes similar to those of an ideal gas, the presence of
charged species permits electric and magnetically driven particle dynamics. Consid-
eration of the characteristic frequencies associated with electromagnetic processes
provides convenient description of the relative influence of each effect. Defining a
characteristic impact radius b0 within which electrostatic energy Ze/4pi0b0 exceeds
electron kinetic energy 1
2
mev
2
e it may readily be shown [54] that the collision rate
between an electron and ion of charge Ze is given by expression (2.7).
νei ∼ nivepib20 =
1
4pi20
niZ
2e4
m2ev
3
e
(2.7)
More rigorous analysis accounts for the cumulative effect of ‘grazing’ collisions
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associated with more distant scattering centres by the constant pre-factor lnΛ known
as the Coulomb logarithm. The electron-ion collision rate and collisional mean free
path are thus conventionally stated as shown in (2.8). lnΛ assumes typical values 10-
20 [55], interchange of velocity and equilibrium temperature is effected by 1
2
mev
2
e ≈
kBTe and the numerical prefactor follows from a fuller treatment outlined by Boyd
and Sanderson [54].
νei ≈ lnΛ
4pi20
niZ¯
2e4
m2ev
3
e
≈ 3× 10−6 lnΛ Z2 ni(/cm
−3)
T
3
2
e (/eV)
Hz (2.8)
The same treatment yields a complete set of collision rates between ion and electron
species. Close to thermal equilibrium Te ∼ Ti and at moderate ionisation Z¯ . 10
these collision rates reduce to the ‘rule of thumb’ formulation included in expression
(2.9).
νei ∼ Z¯ νee  νii  νie (2.9)
In an ideal plasma therefore the highest collision rates, and hence shortest mean free
paths (2.18), are those of the electron-ion and electron-electron interactions.
The influence of electric and magnetic effects can be understood in terms of the
electron oscillation induced by charge separation and gyro-rotation around magnetic
field lines. The plasma frequency ωp reflects simple harmonic response of high mo-
bility electrons to an electrostatic perturbation, while the cyclotron frequency ωcα
expresses the rate of circular rotations of electrons or ions about an axial field line.
These expressions, included in table 2.2 together with the collisional frequency form
a set of timescales by which the relative influence of charge separations and magnetic
fields can influence particle dynamics.
For singly ionised MAGPIE plasmas at typical densities 1017 . ni . 1019cm−3
and temperatures 1 . Te . 100eV the electron-ion collision rate ranges between
109 . νei . 1014Hz. Over the same densities the plasma frequency is usually
significantly higher, falling within the range 1012 . ωp . 1014Hz. Over collisional
timescales therefore charge separations are rapidly damped by the high frequency
response of electrons to the perturbed electric field and no significant deviations
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Table 2.2: Kinetic Frequencies of an Ideal Plasma
Collision Rate νei ≈ 3× 10−6 lnΛ Z¯2 ni(/cm−3)
T
3
2
e (/eV)
Hz (2.10)
Plasma Frequency ωp =
√
e2ne
0me
= 5.64× 104√ne(/cm−3) (2.11)
Cyclotron Frequency ωce = eBme , ωci =
ZeB
mi
(2.12)
The frequency response of a collisional charged scatters to inter-species
collisions νei, charge displacement ωp and external magnetic field ωc.
Values given in S.I. units except where specified.
from quasi-neutrality are expected in MAGPIE plasmas. The influence of magnetic
fields can be estimated by consideration of the more mobile electrons, for which
significant magnetic deflection occurs when ωce  νei. This condition is satisfied for
B  0.01T and such fields are easily attainable during an axial ∼1MA discharge.
The influence of magnetic fields on astrophysical jet interactions is unknown, and
we begin our investigation using weakly-magnetised plasma. Care is therefore taken
to inhibit leakage of machine current into the interaction region.
2.1.3 Radiative cooling
The influence of radiative interactions due to charge acceleration, collisional ex-
citations and electron ion recombination processes are traditionally quantified by
definition of a temperature dependant cooling function Φ(T ) [56] [57]. Radiated
power P then depends only on ion and electron density, according to expression
(2.13).
P = Φ(T )neni (2.13)
Comparison of this cooling power with the total internal energy  of an ideal plasma
a characteristic cooling timescale τC can be defined over which system temperature
is expected to change significantly (2.14). As above, j indexes the number of thermo-
2.1 Radiative Hydrodynamics 29
Table 2.3: Theoretical Cooling Times
Mass no. Z¯ Φ(Te) τH
(/eVcm3s−1) (/ns)
Aluminium (Al) 30.0 8 4×10−7 6
Tungsten (W) 184 12 2×10−6 1
Radiative cooling rates Φ(T ), average ionistation Z¯ and cooling time τH
for monotomic j = 3 plasmas transparent to their own emission as
suggested by the coronal equilibrium model of Post et al. [58]. Parameters
are evaluated at Te = 100eV, ne = 1018cm−3 to order of magnitude
accuracy.
dynamic degrees of freedom available to the plasma and T is the fluid temperature
in thermal equilibrium.
τC ≡ 
P
=
j(1 + Z¯)kBT
Φ(T )ne
(2.14)
Computational estimates for Φ(T ) and Z¯ are tabulated and example data for
the aluminium and tungsten plasmas used during this experimental work are shown
in table 2.3 at typical MAGPIE temperature T ∼ Te ≈ 100eV and density ne =
1018cm−3. Values are to be treated as guidelines only and additional ionisational
degrees of freedom may increase the cooling timescales τH by upto an order of
magnitude. Nonetheless it is clear that over the nanosecond experimental timescales
radiative cooling is expected to significantly affect the internal energy of our ionised
fluid. Note that the longer cooling time of aluminium plasmas allows variation of
cooling rate under identical experimental geometries.
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Table 2.4: Dynamical Equations of an Ideal Gaseous Fluid
Mass Conservation Dρ
Dt
+ ρ∇ ·u = 0 (2.15)
Momentum Conservation ρDu
Dt
= −∇p (2.16)
Energy Conservation Dε
Dt
+ pDV
Dt
= T DΣ
Dt
= P (2.17)
Conservation equations of an ideal gaseous fluid element dV at density
ρ, pressure p and temperature T . Equations are expressed in a frame in
which its instantaneous velocity u is zero using the convective
derivative D
Dt
= ∂
∂t
+ u · ∇. Internal energy  may be affected by
exchange of energy with the environment at rate P
2.1.4 The Euler fluid
Although constitutive equations and process frequencies provide quantitative esti-
mates of plasma parameters, it is of considerable practical convenience to define an
additional macroscopic model under which plasma dynamics can be quickly ratio-
nalised. A fluid model may be applied to an ideal gaseous system when the following
two additional constraints are met:
(1) Localisation - collisional mean free path l is very much smaller than hydrodynamic
distances lH across which thermodynamic properties vary significantly.
(2) High collisionality - frequent collisions enable rigorous definition of thermodynamic
variables within each volume element dV ∼ l3.
Under these assumptions the mass, momentum and energy conservation equations
reduce to their most manageable form, as expressed in table 2.4 for a rest frame
moving with the fluid element.
In a plasma a set of mean free paths lαβ are defined between collisions of incident
α and target β species (ion or electron). Each length is determined by the inter-
collision distance travelled by a test particle at thermal velocity vα ≈
√
2kBTα/mα
between collisions at frequency ναβ (2.18) where ταβ = ν−1αβ is the typical inter-
collision time. The electron-ion mean free path can thus be defined according to
expression (2.19).
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lαβ = vαταβ = vαν
−1
αβ (2.18)
lei (/cm) ≈ 1× 1013 T
2
e (/eV)
Z2nilnΛ
(2.19)
The high electron-ion collision rate (see expression (2.9)) ensures that localisation is
provided by the highly collisional electrons, with confinement of slower moving ions
enforced by the quasi-neutrality condition. Thus for an ideal plasma the localisation
and collisionality conditions reduce to:
(1)
lee
lH
 1 (2.20)
(2)
τee
τH
 1 (2.21)
At MAGPIE ion densities 1017 . ni . 1019cm−3 and electron temperatures
1 . Te . 100eV, expression (2.19) yields 1 × 10−7 . lee ∼ lei . 0.1cm for singly
charged ions. Flow features of interest observed during jet-ambient interaction work
are no thinner than lH = 0.1cm and thus the localisation condition is amply sat-
isfied across the majority of our experimental conditions. Typical collision rates
νee ∼ νei  109Hz introduced in the preceding section result in inter-collision times
very much smaller than the ∼1ns experimental timescales and an Euler fluid is cer-
tainly an appropriate descriptions for the electron gas. However, though the longer
ion-ion inter-collision time does not affect the localisation of ions (which are electro-
statically pinned to shielding electrons), it may significantly inhibit the formation
of a thermal (Maxwell-Boltzmann) ion population. We thus recover the result sug-
gested in section [s.2.1.1] that care must be taken when evaluating thermodynamic
properties of the ion population.
The Euler fluid is non-viscous, non-resistive and suffers no externally applied
forces. Of these constraints, the first two are always applicable in an ideal plasma
approximation where long distance inter-particle interactions are neglected. The
latter is an appropriate description for our jet and ambient plasmas only where
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magnetic field is successfully excluded from the interaction region.
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2.2 Gasdynamics
2.2.1 Compression and rarefaction
The response of a Euler fluid to an external force is of fundamental importance to
the question of jet-ambient interactions. Not only do we expect severe compressional
pressures ahead of the beam itself, but subsidiary compressional and rarefaction re-
gions are likely to form behind the primary interaction surface and along the jet
column. All such expansions and contractions may be understood in one dimension
in terms of the model systems shown in figure 2.1. The two pistons contain un-
perturbed ‘upstream’ gas in thermodynamic state (T0, p0, ρ0) which is stationary in
the lab frame. In figure (a) sudden withdrawal of the piston at velocity u1 reduces
pressure in the ‘downstream’ region adjacent to the piston surface. This reduction
in pressure in turn accelerates fluid until it travels to the right at the piston veloc-
ity. The head of this acceleration region propagates into the undisturbed gas at the
speed of sound in the upstream region c0 whilst the tail of the disturbance moves
at the downstream sound speed c1 within counter-propagating fluid at u1. When
the initial piston acceleration is instantaneous such expansion regions are known as
centred rarefaction waves.
Centred rarefaction waves may be described analytically [38] to model the fluid
velocity u and density ρ across the interaction region (2.22)–(2.23)
u =
2
γ + 1
(x
t
− c0
)
for 0 < u < u1 (2.22)
ρ = ρ0
(
1− γ − 1
2
|u|
c0
) 2
γ−1
for 0 < u < u1 (2.23)
where u is the fluid velocity at position x from the initial piston position at time
t after the instant of pusher acceleration. Subscripts refer to properties of the
upstream 0 and downstream 1 fluids respectively. Note that if the adiabatic index
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Figure 2.1: A piston of ideal gas is subjected to rarefaction (a)
and compression (b) by motion of the pusher at velocity u1. Fluid
adjacent to the pusher moves with the piston velocity, whilst undis-
turbed fluid remains stationary at u0 = 0.
2.2 Gasdynamics 35
0
x
u1t c0t (c1- u1)t
Receding piston
u1
0
-u1
0
x
u1t c0t (c1- u1)t
u1
ρ1
ρ0
u ρ
a) b)
t1  t2  t3  
t1  
t3  
t2  
Head
Tail
Figure 2.2: Velocity (a) and density (b) profiles across a planar rarefac-
tion wave launched by an instantaneously withdrawn flyer plate.
γ is constant across the interaction then the fluid velocity has no dependence on
downstream fluid parameters.
The time evolution of the velocity and density profiles specified by (2.22)-(2.23)
is shown in figure 2.2. Note the distinctive linearity of the velocity profile. Where
the time of pressure release can be identified such profiles may be used to constrain
upstream sound speed and adiabatic index. Rarefaction waves are expected at all
fluid boundaries undergoing rapid expansion, and this is particularly relevant in
the early time regimes where our jet and ambient plasmas are released from the
superheated target regions into the vacuum of the experimental chamber.
The analogous system in compression is shown in figure 2.1 (b). The situation is
complicated by the increase in sound speed in higher density material. In this case,
though the disturbance may begin similarly to the rarefaction wave (i.e. as a sound
wave), the high density tail propagates more rapidly towards the upstream region
than the head. This process results in the formation of shocks - discontinuous
changes in density responsible for the characteristically well defined edge regions
observed between our experimental jet and ambient plasmas.
2.2.2 Shock dynamics
The absence of viscosity and heat conduction terms in the dynamical equations
(table 2.4) require that the pressure changes in a Euler fluid are adiabatic. Thus
the condition pρ−γ = constant can be applied to define the sound speed c(ρ) (2.6)
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Figure 2.3: Formation of a shock discontinuity at the
leading edge of a density wave propagating in fluid at
unperturbed density ρ0 and sound speed c0.
in terms of density alone:
c(ρ) = c0
(
ρ
ρ0
)(γ−1)/2
(2.24)
where subscripts refer to parameters of the undisturbed upstream fluid in the usual
way. This property drives all density disturbances of sufficient amplitude or lifespan
to form a discontinuous leading edge known as a shock.
The processes is illustrated in cartoon in figure 2.3 for an arbitrary region of
overdensity generated by impulsive compression of the piston shown in figure 2.1
(b). Both leading and trailing edges of the pulse propagate to the right at the sound
speed c0 of the undisturbed medium, but the high density peak propagates at higher
velocity according to (2.24). The density distribution must be univalued, and thus
by t3 a discontinuous leading edge is formed which propagates upstream at velocity
D. The shock velocity will necessarily exceed the upstream sound speed, whilst
remaining slower than the downstream sound speed at which the over-density is
supplied. Thus planar shocks are always supersonic with respect to the unperturbed
fluidD > c0, whilst subsonic with respect to shocked materialD < c1. Consideration
of the conservation equations (table 2.4) across the shock [57] in a frame moving
at the shock velocity D yields a set of relations which provide a crucial tool in
quantifying the dynamics of shocks observed in the following experiments. These
shock jump conditions are included in table 2.5.
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Table 2.5: Shock Jump Conditions
Mass Conservation ρ1u1 = ρ0u0 (2.25)
Momentum Conservation p1 + ρ1u21 = p0 + ρ0u20 (2.26)
Energy Conservation 1 + 12u
2
1 +
p1
ρ1
= 0 +
1
2
u20 +
p0
ρ0
(2.27)
Conservation equations evaluated across a planar shock of infinitesimal width
separating upstream and downstream fluids 0 and 1. Note these expressions
hold only in the shock rest frame and  is the internal energy per unit mass.
Shocks observed in this report are generated most frequently at the collisional
interface between the fast flowing plasma expelled from hot current-carrying targets
into slow moving ambient plasma. This situation is illustrated schematically in
figure 2.4 (a). Under these circumstances the mass conservation condition may be
reformulated in the lab frame by the transformations U1 = D + u1 and u0 = −D
where D is the shock velocity and lab frame quantities are capitalised:
ρ1
ρ0
=
D
D − U1 = 1 +
U1
D − U1 (2.28)
Lab frame shock velocities may be accurately determined by time-gated self-
emission imaging cameras, while the density contrast ρ1/ρ0 can be established by
measurement of fluid densities by laser interferometry. Thus expression 2.28 can be
used to determine lab frame velocity of the hot in-streaming plasmas entering our
jet-ambient interaction. Note that since ρ1/ρ0 > 1 across a shock, shock velocity
always exceeds the downstream fluid velocityD > U1. Thus the propagation speed of
a shock front is always supersonic with respect to ambient medium. This behaviour
results in the formation of a contact surface behind the shock separating ablated
target material from post-shock ambient fluid. Such a boundary is shown in figure
2.4 (a) and we shall return to the properties of these interfaces in section 2.2.4.
The most convenient formulation of (2.26) exploits the relationship between pres-
sure and density in an ideal gas provided by the sound speed c2 = γp/ρ. Defining
the dimensionless upstream Mach number M0 = u0/c0 and application of (2.25)
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Figure 2.4: (a) Ohmic heating of a conductive target drives a planar shock into
ambient gas at density ρ0 at velocity D. A contact surface is formed between ab-
lated target material and post-shock ambient gas. (b) Post shock density depends
only on upstream Mach number M0.
ultimately yields:
ρ1
ρ0
=
u0
u1
=
(γ + 1)M20
(γ − 1)M20 + 2
(2.29)
Thus for a fluid of adiabatic index γ the density contrast across any given super-
sonic compressional feature is uniquely determined by the upstream Mach number.
Four such shocks of increasing Mach number are sketched in figure 2.4 (b). Note
that in the limit of high Mach number shock thickness is reduced to the order of
one mean free path l ∼ 1 of the constituent particles.
Further manipulation of the jump conditions [59] reveals upstream Mach number
is determined uniquely by the pressure difference between upstream and downstream
fluids:
M20 ≡
(
u0
c0
)2
= 1 +
γ + 1
2γ
[
p1 − p0
p0
]
(2.30)
where the relative pressure difference S = (p1−p0)/p0 is known as the shock strength.
If S is sufficiently large across a shock feature then the upstreamMach number comes
to dominate (2.29). In this strong shock limit defined for M0  1 measurement of
the density contrast permits constraint of the fluid adiabatic index:
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ρ1
ρ0
=
γ + 1
γ − 1 (2.31)
For the ideal monatomic gas γ = 5/3 the resulting ratio ρ1/ρ0 tends to ρ1/ρ0 → 4
in the strong shock limit. Note from figure 2.4 (b) that even at moderate Mach
numbers M > 5 postshock density lies within 10% of the strong shock limit, and
expression (2.31) is an useful tool throughout the following investigations.
2.2.3 Shocks in a plasma
The presence of ion and electron populations adds significant complexity to the
structure of shock features propagating through plasma. These effects may be di-
vided into the two situations considered in figure 2.5. Cartoon (a) illustrates the
formation of substructure around a density discontinuity due to the difference in
ion and electron velocities. The faster electron velocity ve ∼
√
mi/mevi results in
projection of an electron sheath ahead of the mass density discontinuity position
which is associated with the heavier ions. This sheath can extend over regions of
order the electron mean free path le, significantly increasing the pre-shock electron
temperature and marginally heating the ion population also. The increase in tem-
perature raises the pressure in the pre-heated region, with higher pressures towards
the hotter discontinuity surface. The region may be treated as a sequence of in-
finitesimal thickness weak shock fronts of vanishing strength S → 0. Inspection of
(2.30) and (2.29) thus reveals a slight density increase is also expected towards the
discontinuity. Behind the jump the preheated material cools and densities increase,
tending towards the jump expected by (2.29) without consideration of the two fluids.
Figure 2.5 (b) illustrates the situation expected when significant radiative flux
is emitted by the hot post shock plasma. If the upstream plasma is optically thick
with respect to this radiation it will be absorbed with the characteristic exponential
reduction of intensity with distance from the source. This additional energy flux
results in an increase in temperature in the pre-shock region. In all but the most
extreme plasmas the radiation mean free path lrad significantly exceeds the electron
and electron-ion mean free paths lee ∼ lei and ion and electron temperatures are
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Figure 2.5: Temperature and density profiles across a planar shock propagating
through plasma at scale lengths comparable to (a) the electron collisional mean
free path lee and (b) the radiation mean free path lrad.
thus raised evenly along profile T . As for the electron heated gas this increase in
temperature drives increased pressure and density ahead of the shock front, and
post-shock cooling permits further compression behind it.
As discussed in section 2.1.4 the electron mean free paths of MAGPIE plasmas
are not expected to exceed 0.1mm. As we shall see in chapter [c.3] such small
distances lie at the limit of our experimental resolution. Thus the larger scale density
perturbations observed around shock fronts during this report are radiatively driven
and provide first estimates of the radiative mean free path under the experimental
conditions of our jet-ambient interactions.
2.2.4 Interfaces
A complete understanding of the time evolution of a plasma sample within an ambi-
ent plasma requires appreciation of the dynamical behaviour of gaseous interfaces.
The simplest such boundary is sketched in figure 2.6 (a), separating two fluids m
and n with fluid velocities u. High collisionality in both regions inhibits diffusion
of significant volumes across the boundary on experimentally relevant timescales.
Thus fluid thermodynamic properties p, ρ, T may in general be discontinuous at the
boundary. Such interfaces are referred to as contact discontinuities. The propa-
gating tip of a jet boring into an ambient media may be simulated by acceleration
of both regions to counter-propagating velocities um0 and un0. This flow geometry
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Figure 2.6: The interface between two ideal gases before (a) and
after (b) the application of uniform oppositely directed velocities
um0 and un0. Counter propagating shock features are launched into
both fluids from the initial contact surface.
results in formation of shock features on either side of the boundary as shown in
figure 2.6 (b).
The absence of fluid motion across the boundary enforces the condition um1 =
un1 = 0 in the frame moving with the contact surface. In this frame (the zero
momentum frame) the momentum conservation condition (2.26) is satisfied only for
equality of pressures pm1 = pn1. Application of the same condition to each of the
shocks thus yields pm0 + ρm0u2m0 = pn0 + ρn0u2n0 as required such that equal force is
delivered to the contact surface from both directions. Although this problem may
be formulated in the lab frame [57] it is sufficient for our purposes to note that in
this frame the contact surface will propagate at velocity Dc in the direction of the
higher total pressure P = p + ρu2 fluid. For this reason the quantity ρu2 is often
referred to as the ram pressure of the flow. There are only three possible geometries,
specified uniquely by the direction of upstream fluid flow in the undisturbed fluids
at distance from the interface. The pressure p profiles are shown in figure 2.7 for
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Figure 2.7: The three possible pressure P = p + ρu2 and density ρ profiles
across a planar contact discontinuity at rest at position O. The form of the
profiles depends on the initial fluid pressures and their relative velocities which
may be (a) (c) oppositely directed or (b) of different magnitude.
the case of collisional flows (a), compressional and rarefaction flows (b) and two
receding flows (c). Arbitrary density profiles are included solely to emphasise that
pressure p (and velocity u) are the only necessarily continuous parameters across
the discontinuity surface∗.
The density profiles of figure 2.7 provide an excellent springboard for interpreta-
tion of the complex density features observed during a jet-ambient collision. Before
extending these principles to two dimensions however it is worth considering the
time evolution of density of the high density region formed around the discontinuity
in figure 2.7 (a). Such a pulse is shown in figure 2.8. After removal or weakening of
the confining flows at both leading and trailing shocks the pulse continues to prop-
agate at the contact discontinuity velocity under its own inertia. The leading edge
propagates as a shock discontinuity but the trailing edge, now unconfined, expands
into the low density region behind the pulse. A rarefaction wave profile (see section
2.2.1) is thus observed behind the shock and continued expansion ultimately leads to
reduction of the density jump as shown at t4. Such weakening prompts acceleration
of the shock velocity according to expression (2.28) and the density jump reduces
until the initial momentum of the interface is fully dissipated.
∗Of course this condition does not hold when the surface undergoes significant acceleration
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Figure 2.8: Time evolution of a forward propagating density pulse at fluid
velocity u into ambient gas at density ρ0 following sudden removal of confining
pressure (e.g. by halting a pusher) from the trailing edge. A shocked leading
edge is maintained whilst a rarefaction wave is launched into the unconfined
region.
2.3 Supersonic Flow
2.3.1 Normal and oblique shocks
The shock profiles discussed in preceding sections refer to planar shocks such as
that illustrated in 2.9 (a). These shocks forming perpendicular to the flow direction
are described as normal shocks. Fluid velocity is decreased from u0 to u1 across
such a shock, whilst pressure and density are increased. They may be strong M0 
1 or weak M0 & 1 depending on the pressure difference (p1 − p0)/p0 according
to expression (2.30). In both cases however a normal shock is characterised by
supersonic upstream flow M0 > 1 and subsonic post-shock material M1 < 1 as
evaluated in the shock frame. Such a trans-sonic transition is required such that the
shock jump can be maintained by downstream density and pressure. Note that the
Mach number of the shock MD = D/c0 is equivalent to the upstream Mach number
M0 in a frame in which the unperturbed fluid is at rest. We thus aim to establish
a stationary ambient such that the upsteam Mach number can be readily estimated
by measurement of the shock velocity.
The results of section 2.2.2 can be trivially extended to the case of a general
two dimensional flow region by addition of a constant flow velocity v perpendicular
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Figure 2.9: Normal (a) and oblique (b) shocks formed when a planar shock is
launched into a ambient gas at rest or with transverse velocity v, as observed
in the shock rest frame.
to the shock surface. Such a shock is known as an oblique shock and the relevant
geometry is sketched in figure 2.9 (b). In contrast to the normal shock the presence
of significant velocity perpendicular to the plane means that although the perpen-
dicular velocities u must drop to subsonic velocity across the shock, the flow speed
w may remain supersonic. Note that the fluid flow is turned towards the shock.
It may be shown [59] that density jump condition (2.29) may now be reworked to
relate the incident ζ0 and refraction ζ1 angles
tan ζ1
tan ζ0
=
(γ − 1)M20 sin2 ζ0 + 2
(γ + 1)M20 sin
2 ζ0
(2.32)
The momentum jump condition (2.30) is trivially extended to the oblique shock by
the substitution u0 = w0 sin ζ0 to relate the shock strength (p1− p0)/p0 to the angle
of incident flow ζ0
M20 sin
2 ζ0 ≡
(
u0
c0
)2
= 1 +
γ + 1
2γ
[
p1 − p0
p0
]
(2.33)
Expression (2.32) fully defines the turning angle δ = ζ0− ζ1 through which a super-
sonic flow is deflected on passing through an oblique shock. The expression defines
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two critical angles at which the flow across an arbitrary shock surface is undeflected
i.e. ζ0 = ζ1. In addition to the trivial solution at ζ0 = ζ1 = 90◦ the condition ζ0 = ζ1
is also satisfied when M0 sinµ = 1 where the critical angle ζ0 = µ is known as the
Mach angle
ζ0 → µ = sin−1
(
1
M 0
)
≡ sin−1
(
c0
u0
)
⇒ ζ1 → ζ0 (2.34)
Between these extrema lies an angle of maximum deflection which may not exceed
δ = 45◦ even in the high Mach number limit [60].
Consideration of expression (2.33) at the Mach angle reveals that an oblique
shock at the Mach angle has infinitesimal strength S ≡ (p1 − p0)/p0 → 0. In-
deed in the absence of flow redirection perpendicular velocities necessarily converge
u1 → u0 and so oblique shocks at the Mach angle are expected to have vanishing den-
sity jumps (2.29). Nonetheless real supersonic projectiles often exhibit pronounced
shocks close to the Mach angle, which may be understood in terms of the elegant
construction shown in figure 2.10. The pair of oblique shocks formed by the super-
sonic advance of a projectile instantly accelerated at O outruns its (sonic) pressure
waves as illustrated in cartoon (b). Such shocks are known as attached since they
advance in the lab frame at the projectile velocity. We expect similar oblique shocks
to form around the discontinuity at the tip of our advancing jet, when the radial
distance is sufficiently large that the finite jet thickness can be neglected.
2.3.2 Constriction and expansion
It remains only to determine how a supersonic flow interacts with an externally
enforced constriction or expansion. Such flow features are expected as the jet tip
bores into the ambient fluid, or exits the high pressure jet collimation region. A
complete mathematical treatement of this problem may be found in [61] but for our
purposes a largely qualitative discussion is sufficient to inform interpretation of our
experimentally observed flow structures.
In the case of a constriction such as the converging nozzle shown in figure 2.11 (a)
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Figure 2.10: Pressure waves launched into a gaseous medium at the sound
speed c0 from a point projectile instantly accelerated at O to subsonic (a)
and supersonic (b) velocities u0. Supersonic motion results in the formation of
attached oblique shocks at the Mach angle µ which propagate into undisturbed
fluid at the projectile velocity.
it may be shown that supersonic flowM0 > 1 is redirected by the formation of oblique
shocks along the stream. Note that results presented here for two dimensional flow
bounded between a deflecting obstacle and planar wall are indistinguishable from
the three dimensional case of a cylindrically symmetric nozzle with central axis
along the planar surface. The only valid solution for the flow vectors adjacent
to confining walls requires parallel flow (the no slip boundary condition) at all
positions. This constraint enforces a minimum of two oblique shocks - to turn
the flow into the constriction, and to restore parallel flow through the nozzle exit.
There must additionally exist an undeflected streamline immediately adjacent to
the planar surface. The two shock geometries satisfying these conditions whilst
permitting supersonic flow at the nozzle exit are shown in figures 2.11 (a) and (b).
The third possible topology is trivial - a normal shock forming at the nozzle entry
permits subsonic redirection of the flow along the nozzle without requirement for
additional shock deflection.
In figure (a) the no-slip condition causes the two shocks to converge at the planar
surface and the primary shock appears ‘reflected’ from the boundary. In the larger
diameter nozzle of (b) formation of a triple point and normal shock are required
to satisfy the boundary conditions, a combination known as a Mach stem. Such
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Figure 2.11: Deflection of supersonic flow by an externally enforced constric-
tion. If the exit channel is sufficiently narrow with respect to the turning angle
θ flow redirection may be achieved by a pair of oblique shocks (a). For broader
exit channels (b) a normal shock is formed across the undeflected flow region.
features are a consequence of the finite maximum deflection angle of an oblique
shock. Behind the Mach stem flow falls to subsonic velocity (as it must behind a
normal shock) whilst flow deflected by the oblique shocks may remain supersonic.
A contact discontinuity known as a slip line is thus generated, separating the two
adjacent fluids at different velocities. As discussed in section 2.2.4 there must be
pressure equality across such an interface and thus the normal shock is a fundamental
component of abrupt flow compression in large diameter supersonic nozzles.
The analogous expansional nozzle is sketched in figure 2.12. The absence of shock
behaviour in rarefaction flows prevents flow deflection by a single shock feature.
Nonetheless, it is still possible to treat the flow as turned by a set of planar shocks
of vanishing negative strength S = (p1−p0)/p0 < 0. Such a structure is indicated by
the set of dashed lines launched from the nozzle entrance known as a Prandtl-Meyer
expansion fan. As discussed in the preceding section, in the limit of vanishing
strength supersonic flow crosses each shock at the Mach angle µ which may now
be defined locally by (2.34) for each fluid velocity u and sound speed c. As for the
compressional nozzle, each of the shocks is reflected from the planar surface confining
the flow such that flow remains parallel to the boundary at all points adjacent to
it. The reflected fan redirects and lowers the flow pressure further until the flow is
parallel at the nozzle exit. Note that the no-slip condition at the nozzle boundary
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Figure 2.12: Fluid entering a larger di-
ameter flow region is turned by a series
of infinitessimally weak shocks of negative
strength known as a Prandtl-Meyer expan-
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crosses these component shocks at the lo-
cal Mach angle µ.
is satisfied only if the surface is parallel to the flow at all positions. Where this is
not the case further shock reflection and additional shock features or expansion fans
may be launched into the flow.
2.3.3 Jet propagation
Armed with an understanding of the compressional and rarefaction flow dynamics of
a supersonic gas we are ready to discuss the flow geometry expected for the intrusion
of a supersonic plasma jet into ambient plasma. Let us treat the azimuthal jet-
ambient boundary and the forward propagating interaction surface in turn. Figure
2.13 illustrates the ideal propagation a jet leaving a nozzle at pressure p0 into an
ambient medium at (a) equivalent pressure pext = p0 (b) excess external pressure
pext > p0 and (c) lower external pressure pext < p0. Such jets are described as
pressure matched, overexpanded and underexpanded respectively. Exploiting the
cylindrical symmetry of these systems the expected dynamics are illustrated along
the propagation direction z for increasing radial position r.
The case of the ideal pressure matched jet (a) is a relatively simple one - the
contact discontinuity separating the fast flowing jet from stationary ambient is force
free and thus remains perpendicular to the nozzle exit at all distances z. Fluid flow
assumes its simplest geometry with uniform, steady flow parallel to the z axis at all
radial positions. Where the external pressure exceeds that of the injected fluid the
situation (b) becomes significantly more complex. Initial compression of the contact
discontinuity is effected between P and Q by the high pressure ambient and flow
is redirected in this region by oblique shock features as described in the preceding
section. By Q the compressed jet material exceeds ambient pressure and the contact
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Figure 2.13: Discontinuity geometry and flow field expected for a supersonic
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surface expands between Q and R. Flow is redirected by Prandtl-Meyer expansion
fans as described above. At R the flow is once again at lower pressure than that of
the ambient medium and is compressed until at S the process Q-S is repeated.
The same sequence of rarefaction and compression of the contact discontinuity is
observed for an underexpanded jet such as that shown in (c). Note that contraction
of this boundary may launch a set of compressional shocks such as those shown
in (c), or proceed via a sequence of weak shocks of infinitesimal strength S → 0
known as a Prandlt-Meyer compression fan. Such a compression fan is shown in
diagram (b) and may be observed when the curvature of the boundary is sufficiently
gentle. Where oblique shock deflection is required the formation of a Mach stem
may be observed if the jet is sufficiently broad. In this three dimensional context
the normal shock and oblique shocks are referred to as a Mach disc and barrel shock
respectively [62].
Figure 2.14 illustrates the simplest model describing the deflection of ambient
fluid around the leading edge of a supersonic gaseous jet - as supersonic flow across
a thin solid plate. As above, the symmetry of this system is identical to that of a
three dimensional cylindrical projectile in the (r, z) plane. Since we expect jet fluid
to be confined within the contact discontinuity between jet and ambient gases a rigid
body model provides a reasonable first approximation of flow dynamics. Two distinct
situations (a) and (b) may arise, dependent on the angle of attack with which the
jet fluid meets the ambient flow. In this simple model the jet is pressure matched
with the adjacent ambient at p2 and in both examples the contact discontinuity at
distance from the tip lies parallel to the jet symmetry axis.
Where the jet tip meets the ambient at small angle δ a single oblique shock may
be sufficient to redirect incident flow as shown in 2.14 (a). The compressed fluid
p1 then expands through an expansion fan, producing a nose-cone structure across
some distance P-Q. After expansion the fluid flow is once again parallel to the z
axis. At large distance from the jet the requirement that flow passes undeflected
across the shock fixes the half-opening angle at the unperturbed fluid Mach angle
µ0 = sin
−1(1/M0). This large radius limit was anticipated by Mach’s construction
(see figure 2.10) for the supersonic point projectile. If the jet tip is blunt a situation
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Figure 2.14: Shock geometry and flow field expected for the supersonic propa-
gation of a (a) sharp- and (b) blunt-tipped gas jet into ambient gas, illustrated
in the jet rest frame.
similar to that shown in figure 2.14 (b) is expected. Although this shock feature
also tends to the Mach angle at large radius, at close proximity to the jet tip a
single oblique shock is not sufficient to redirect the flow. A normal shock develops,
after which the flow is deflected subsonically. A subsequent expansion region is then
required before this strongly deflected material can rejoin the supersonic flow in the
downstream region p2.
The shockfronts of figure 2.14 (a) and (b) are known as attached and detached
shocks respectively, reflecting the contact or separation of the shock front and jet
tip. Whether either model is more appropriate for our plasma jet interactions will
strongly depend on the material and radiative properties of our experimental plas-
mas. In particular it is expected that tighter jet collimation should generate a
nose-cone similar to that of figure 2.14 (a), whilst larger diameter jets may evolve
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more similarly to that shown in (b). Such collimation will depend upon the ratio
of jet to ambient pressures which may be strongly influenced by radiative losses in
either medium.
2.3.4 Hydrodynamic instabilities
There is one final set of dynamical behaviours that may significantly impact our
jet-ambient interactions. The stability of an interface between two fluids with re-
spect to a small perpendicular perturbation ξ is well documented [63] [64] [59].
Such interfaces are expected between jet and ambient fluids and between subsidiary
internal regions throughout the interaction region. Two particular interface be-
haviours are of considerable interest under the jet-ambient experimental geometry.
The Rayleigh-Taylor instability refers to the tendency of two fluids to interpenetrate
if one is accelerated into the other. The Kelvin-Helmholtz instability drives periodic,
wave-like disruption of an interface between two parallel counter-propagating flows.
Interfaces may be stable or unstable with respect to these perturbations dependent
on fluid properties and the interface orientation.
A Rayleigh-Taylor unstable pair of non-viscous liquids of different densities is
illustrated in figure 2.15 bounded by two planar rigid walls. If the denser fluid ρh
sits above the lighter i.e. ρl < ρh small perturbations of the horizontal interface are
able to reduce the gravitational potential energy of the system and will therefore
grow until the fluid positions are completely exchanged. It may be shown [64] that
the absence of surface tension in a non-viscous fluid permits small perturbations ξ
to grow exponentially (2.35) despite equality of pressures across the interface, where
k is the wavenumber of the initial perturbation, g is the gravitational field strength
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Figure 2.16: The interface between two counter-propagating fluids where
gravitation and surface tension can be neglected is always unstable to
the Kelvin-Helmholtz instability. Small perturbations ξ (a) grow expo-
nentially and are ultimately driven into whorls (b) by the fluid momenta.
and A is known as the Atwood number.
ξ(t) = ξ0e
√
Agkt where A =
ρh − ρl
ρh + ρl
(2.35)
This result applies only when perturbation amplitudes are small with respect to their
wavelength. The situation is identical for a contact discontinuity within a Euler gas
accelerated under pressure imbalance but here gravitational and pressure forces are
interchanged by g → a where a is the characteristic acceleration of the discontinuity.
Interpenetration is therefore expected along an accelerated fluid boundary until
pressure balance is achieved.
A Kelvin-Helmholtz unstable fluid interface is sketched between two Euler gases
in figure 2.16. Where gravitational forces can be neglected (as they certainly may
be on our sub-microsecond experimental timescales) it may be shown [59] that a
small sinusoidal perturbation of wavenumber k and amplitude ξ grows exponentially
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according to expression (2.36), where U is the fluid velocity as evaluated in the lab
frame.
ξ(t) = ξ0e
kUt (2.36)
As for expression (2.35) this result is only applicable while perturbation amplitudes
are small with respect to their wavelength. At later times the flow propagation
sweeps steepening peaks and troughs into highly characteristic whorls as shown in
figure 2.16. Note that the periodicity of Kelvin-Helmholtz whorls is not trivially
related to the wavenumber k of the initial perturbation [59].
The interface stability of astrophysical jets under the influence of radiative cool-
ing is a particular concern of current astrophysical jet research [15] [25] [12] and care
is therefore taken to image plasma evolution at sufficiently high frequency to track
these instabilities. Armed with a solid understanding of radiative plasma fluids,
their supersonic dynamics and interface behaviours we are at last ready to observe
and interpret the behaviour of supersonic radiatively cooled jets interacting with
ambient plasma. However, before such discussion can commence in earnest we must
also understand the experimental and diagnostic tools by which our plasmas are
generated and their material properties and dynamical behaviours recorded.
Chapter 3
The MAGPIE Generator and
Diagnostic Systems
Both jet and ambient plasmas investigated in the following experiments are gen-
erated simultaneously by application of the MAGPIE current pulse to thin metal
targets. Plasma densities, velocities and temperatures are measured using shadowg-
raphy, interferometry and Thomson scattering laser probing systems. Fluid dynam-
ics are recorded by time resolved self-emission images recorded in optical and XUV
wavebands. The performance of both generator and diagnostics are discussed here
to enable qualitative and quantitative interpretation of the information recorded
by these probing systems. The necessary mathematical and computational tools
required to extract quantitative information from diagnostic signals are introduced
along with discussion of the primary sources of uncertainty associated with each
device.
3.1 Pulse Formation and Current Diagnostics
3.1.1 Generator design
The MAGPIE current pulse has nominal peak current IM and rise time tr of (IM , tr)
= (1.4MA, 240ns) and recent work [65] suggests voltages in excess of 100kV can be
delivered across the machine electrodes for a typical wire array target. It is this
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combination of high current and voltage that enables production and acceleration
of significant volumes of plasma to supersonic velocity and states of high ionisation.
The composition of the generator is shown in figure 3.1. The initial voltage pulse is
produced by the cascade discharge of four identical capacitor banks arranged in the
bipolar Marx configuration. Each Marx contains N = 24, Cc = 1.3µF capacitors
which are charged steadily to moderate voltage Vc ± 65kV during the charging
sequence. These capacitors are linked in series during discharge and it may readily be
shown that this arrangement delivers net voltage VM (3.1) with lumped capacitance
CM (3.2).
VM = NVc (3.1)
CM =
N∑
1
[
1
C1
+
1
C2
· · ·
]−1
=
Cc
N
(3.2)
The polarity of the final pulse may be specified by the polarity to which the in-
dividual capacitances are charged. Negative polarity is selected since this choice
minimises the likelyhood of arcing within the subsequent coaxial lines. Equations
(3.1) and (3.2) yield VM = −1.6MV and CM = 54nF.
The remainder of the generator hardware enables this voltage pulse to be applied
rapidly to a small diameter ∼ 1cm target region. It may be shown (see appendix
A) that the rise time and initial current surge produced by discharge of an ideal
capacitive source at voltage VC into a purely inductive load are given by (3.3)–(3.4).
trise =
pi
ω
= pi
√
LC (3.3)
Imax = −VC 2
L
trise
pi
(3.4)
where C is the source capacitance, L is the load inductance and ω = 1/
√
LC is the
characteristic oscillation frequency of an ideal LC circuit. The internal inductance
of the Marx is LM ≈ 5µH [66] and thus its rise time across a closed circuit is
trise ≈ 1.6µs.
In order to achieve faster rise times and larger currents the (-1.6MV,1.6µs) output
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Figure 3.1: Experimental setup of the MAGPIE generator. The load section
and central transfer line are shown in cross section, with one of four charging
lines.
of each Marx bank is transferred to a secondary source known as a Pulse Forming
Line (PFL) as indicated by closure of switch S1 in figure 3.2. The PFLs have
significantly lower capacitance CPFL = 20nF and inductance LPFL = 500nH than
the Marx. Thus a PFL may be discharged across its own self-inductance in trise ∼
300ns. It is readily shown (Appendix A) that the exchange of charge between two
ideal capacitors through a purely inductive line results in maximum (transient)
output voltage (3.5).
Vo(t) =
2Vi(t)Ci
Ci + Co
(3.5)
During charging each PFL is isolated from the remaining circuitry by a high break-
down threshold trigatron discharge switch, insulated with arc-inhibiting sulfur-hexafluoride
(SF6) gas. Thus the PFLs may in principle be charged to a maximum voltage
VPFL = −2.3MV.
Application of this voltage across the load causes division of the voltage between
impedances associated with the load ZL and the internal impedances ZS of the
source. Maximum power transfer is achieved when the impedances are matched -
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Figure 3.2: Simple equivalent circuit describing the MAGPIE generator. Dur-
ing discharge switches S1 and S2 are closed sequentially, delivering four parallel
voltage pulses towards the load section.
i.e. ZL = ZS - and in this case the source voltage is dropped evenly across both.
The four PFLs are impedance matched to a single vertical transfer line (VTL) which
delivers the pulse to the load section as shown in figure 3.1. Thus triggering of the
four trigatron gas switches releases four VV TL = −1.2MV pulses into the VTL.
The internal inductance LV TL ≈ 80nH and capacitance CV TL ≈ 51nF of the VTL
may be estimated based on the inner and out diameters and length of the coaxial
line as quoted in [66]. The discharge timescale of the line into a closed circuit is
thus trise ≈ 200ns. However, the additional inductance of the load section forms an
additional LC circuit with the output capacitance of the VTL. This loop oscillates
at a slightly lower natural frequency, and the time taken for peak current to rise at
the load (3.3) is therefore moderately slower at trise ≈ 240ns The peak current is
somewhat lower than the 1.7MA predicted by (3.4) but pulses of Imax = 1.4MA are
routinely observed during MAGPIE discharges.
3.1.2 Load hardware
The current pulse is delivered from the 2m diameter VTL to the∼cm diameter target
region along magnetically insulated transmission line (MITL) as shown in figure 3.4
(a). During discharge the load section is evacuated to 10−4mbar which must be
isolated from the deionised water which provides the dielectric medium within the
transfer lines. This structural interface is provided by a series of insulating rings
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Figure 3.3: Cut-away diagram of the MAGPIE load sec-
tion. Target chamber vacuum is isolated from transfer line
de-ionised water by an insulating 45◦ diode stack.
arranged in a 45◦ diode stack configuration as sketched in figure 3.3. The insulator
surface must be shielded from radiation from the plasma target in order to prevent
photoemission driven breakdown. The vacuum-water interface is thus positioned
ahead of the MITL which is evacuated to chamber vacuum.
The field emission breakdown threshold of high vacuum E & 30MVm−1 is signif-
icantly lower than that of water E & 65MVm−1 [67]. Furthermore converging elec-
trode surfaces along the MITL increase the electric field strength to E ∼ 100MVm−1.
However as the electrodes converge the current carrying radius also falls, increasing
strength of toroidally oriented magnetic field around the cathode. This field acts
to inhibit arc formation by reduction of the electron gyroradius to . 1mm length
scales.
A similar process inhibits surface breakdown over the 45◦ vacuum facing surfaces
of the diode stack. A set of angled surfaces ensure electrons accelerated by the ver-
tical electric field are directed away from the surface, reducing collisional ionisation
events responsible for arcing across an insulating surface. Electron gyro-orbits are
directed radially inward by the torroidal field and away from the remainder of the
stack. However, both effects are reversed on inversion of the current direction under
the LC oscillation of the generator. Thus some time after peak current breakdown
is observed across the diode stack and load current is dramatically reduced. This
process usually occurs at around ∼ 300ns after initiation of current at the load.
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Figure 3.4: Target mounting hardware shown after installation at the
MAGPIE electrodes. Target current is recorded by a Rogowski groove
enclosing one of four current return posts.
Plasma emission around the target surfaces thus falls beneath the detection thresh-
olds of our self-emission diagnostics much beyond this time, though shock heated
regions may continue to emit for significantly longer.
Once the initial current pulse reaches the throat of the MITL it is delivered to a
wire array or similar target as shown in figure 3.4. A cathode ring of bespoke height
is used to mount the target within the line of sight of vacuum chamber diagnostic
ports. In order to maximise access for imaging diagnostics, load current is returned
to ground by a set of four identical return posts mounted at large ∼ 20cm radial
diameter from the machine axis. These posts support a large diameter anode plate
within which an anode ring is mounted to secure the upper surfaces of the target.
3.1.3 Load current diagnostics
Current return posts facilitate convenient measurement of load current using a Ro-
gowski groove mounted as shown in figure 3.4. Current within each return post
generates toroidal field according to Ampere’s circuital law for a long straight con-
ductor (3.6):
B(t) =
µ0I(t)
2pir
(3.6)
If this flux cuts a probing area element dA within a conducting loop, the incremental
voltage dV generated across its terminals is defined by Faraday’s Law (3.7):
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dV = −dAdB(t)
dt
(3.7)
This voltage is recorded by the Rogowski groove by enclosing cross sectional area
h(b − a) between the terminals of a coaxial cable. The time varying load current
may thus be related to the probing voltage
V (t) =
µ0
2pi
h ln
(
b
a
)
dI
dt
= Lrog
dI
dt
(3.8)
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Figure 3.5: Cut-away
illustrating current
and field geometry
within a Rogowski
groove current probe.
The device inductance is known Lrog = 0.25nH and thus expression (3.8) can be
integrated to determine current I(t) within the post against time after initiation of
the pulse. Return posts are identical and this result may therefore be multiplied by
four to return the total current within the target. It is known however that return
post currents may carry significantly different currents during each discharge, and
deviations from the mean of upto 20% have been recorded during this work. Two
adjacent posts are therefore fitted with identical probes, reducing uncertainty in the
average machine current to 15%. Rising current within the post drives inductive
division of machine voltage along the length of the post and care are is taken to
insulate probes from the post.
3.1.4 Diagnostic setup
The MAGPIE target chamber is a 40cm radius 24cm height cylindrical vessel which
is evacuated to 10−4mbar prior to each experimental shot. The chamber has sixteen
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10cm diameter ports spaced evenly around the chamber azimuth as shown in figure
3.6. There is an additional on-axis port mounted within the chamber lid for ‘end-
on’ measurements. Each port may be mounted with glass inspection windows or
fitted with sockets to recover signals from probes located around the load. Many
diagnostics systems may be readily exchanged between ports as required and the
chamber setup will be discussed in relation to each experiment in later chapters.
Figure 3.6: Geometry
of the MAGPIE target
chamber shown from
above. The azimuthal
angle θ of observation
ports is indexed from
geographic north.
θ
N
E
Lines of sight
Plasma target
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O
~ 80cm
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Laser probing systems are considerably more challenging to alter, and it is often
more convenient to rotate load hardware with respect to the fixed position of prob-
ing beamlines. The MAGPIE chamber is equipped with λ = 532nm Nd:YAG laser
system which delivers a single ∼500mJ pulse of 0.4ns during each shot. The pulse
is split by multiple consecutive beam-splitters and delivered to the target chamber
along three permanent beamlines as shown in figure 3.7. The system includes two
shadowgraphy beamlines for high resolution imaging and four independent interfer-
ometry systems for electron density measurement.
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Figure 3.7: Probing beamlines available for laser diagnostics. Three independent
systems are available for backlighting or laser interferometry (a) of which the third
is a two colour system. The two colour probe may be applied in the side-on (a) or
end-on (b) configurations.
The two shadowgraphy systems are directed through adjacent ports with a ∆t =
20ns difference in probing times introduced by additional beampath. Thus shad-
owgraphy images are spatially similar allowing for ready interpretation of plasma
dynamics across the interframe time. Both beamlines may also be used for interfer-
ometry, where a reference beamline of equivalent path length is recombined with the
probing beam to infer electron densities across the target region (see section 3.3.2).
These measurements are sensitive to the integrated density along the probing beam
and so an additional interferometer is often applied along a perpendicular beamline
when significant deviations from cylindrical symmetry are expected in the plasma
dynamics. This system may also be applied along the array axis as shown in figure
3.7 (b). Addition of a 355nm beam along this probing path enables time resolved
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density measurement along the same line of sight by addition of a ∆t = 27ns delay
relative to the 532nm pulse. This feature is of great assistance in understanding the
density evolution of the more asymmetric jet-ambient interactions.
3.2 Self-Emission Diagnostics
As introduced in section (s.2.1.3) the influence of radiative interactions due to charge
acceleration, collisional excitations and electron ion recombination processes may
be quantified by definition of a temperature dependant cooling function Φ(T ). This
function relates total radiated power W to the number density of electrons and ions
according to expression (3.9) where n = ni is the plasma mass density and Z¯ is the
average ionisation state.
W = Φ(T )neni = Φ(T )Z¯n
2 (3.9)
Thus in plasmas of uniform temperature and ionisation emission intensity acts
as an invaluable proxy for plasma density. Since cooling function and ionisation
state are often poorly constrained, expression (3.9) can rarely be evaluated numer-
ically. Nonetheless, self-emission imaging diagnostics are most useful in capturing
qualitative information about the density distribution and dynamics across a target
plasma. MAGPIE is equipped with imaging diagnostics in both XUV (∼10–100eV)
and optical (∼1–4eV) wavebands enabling qualitative determination of both density
and temperature distributions.
3.2.1 XUV pinhole imaging
Typical MAGPIE plasmas have electron temperatures measured in 10s of eV and
are highly emissive in the extreme ultraviolet (XUV) region ∼10–100eV. Spatially
and temporally resolved emission from the plasma target is recorded as a sequence
of focused images using a time-gated pinhole camera.
The diagnostic package (figure 3.8) consists of a gold coated microchannel plate
(MCP) backed with a phosphor screen. The thickness of the gold coating transmits
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Figure 3.8: Schematic of XUV self-emission pinhole imaging system illus-
trated from above.
photons of energy 10-100eV to the MCP, whilst lower and higher energy photons
are reflected and absorbed respectively. The MCP consists of a tightly packed array
of ∼ 10µm diameter photomultiplier tubes, triggered by externally applied voltage
VMCP . Channels are closely packed ∼ 20µm and angled such that any normal
incidence photon will trigger avalanche breakdown within the tube. The electron
avalanche is detected as brightening of a fluorescent backing plate, and the resulting
image captured using HP5 optical film or high resolution digital SLR.
The system is focused by four identical ∼ 100µm pinholes. Four independent
images are thus formed on the detector plate, two of which are shown in figure
3.8. The frames are triggered sequentially at ∆t = 30ns intervals by a Vmax =
+6kV, δtFWHM = 3ns pulse delivered to each plate along cables of increasing length.
Temporal resolution is limited to the δt = 3ns pulse width. The MCP is highly
sensitive to pulse amplitude and so lower signal to noise ratios are observed in
later frames due to pulse attenuation within the trigger cables. Window glass is
highly opaque to XUV radiation and the system is operated under chamber vacuum.
Magnification is therefore adjusted by remounting the pinhole plate of the MCP
within vacuum tubing of appropriate length.
Three competing concerns may limit the spatial resolution ∆x of a pinhole cam-
era. The simplest of the three is introduced by the finite size ∆L of the detector
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plate elements and the ratio of object p and image q distances
∆x >
p
q
∆L (3.10)
Finite pinhole diameter d introduces a diffraction limit below which plasma features
of scale length ∆x radiating at wavelength λ cannot be isolated from the diffraction
pattern of adjacent features
∆x > 1.22p
λ
d
(3.11)
Pinhole size also introduces a geometric limit below which rays pass from object to
image in parallel i.e. without being focused
∆x >
(
1 +
p
q
)
d (3.12)
The ∆L ∼ 10µm inter-channel spacing of the MCP provides ample resolution for
our ∼cm scaled plasmas at the system magnifications p ≈ q employed during this
work. For d = 100µm diameter pinholes the non-focusing limit (3.12) is ∆x = 0.2mm
for non-magnifying operation p = q. At typical object distances p ≈ 50cm this
constraint exceeds the diffraction limit when the photon wavelength is sufficiently
short hc/λ & 40eV. Thus the typical resolution of our XUV images is limited to
∆x = 0.2mm for higher energy photons 40-100eV, with slightly poorer performance
∆x = 0.7mm expected at longer wavelengths due to increased diffraction. Both
constraints provide ample detail across our 40× 20mm field of view and XUV self-
emission provides a powerful tool for observation of plasma dynamics. Note that
MAGPIE plasmas are believed to be transparent to their XUV emission and thus
images reflect the integrated emission along each line of sight.
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Figure 3.9: Optical imaging via relay lenses in the 2f configuration (a) and imaging
an extended optically thin plasma target using a dispersive thin lens (b). Spatial
resolution of this system is limited by the diameter δ of the light cone within which
rays from across the source are brought to a focus at the detector Q.
3.2.2 Optical emission imaging
MAGPIE plasmas are also highly radiative at visible wavelengths, and a fast framing
CCD camera is used to record optical self-emission from the jet-ambient interaction
region during each experiment. The plasma is imaged using a thin lens and trans-
mitted to a safe distance from the target chamber by a 2f relay system as shown
in figure 3.9 (a). In contrast to the pinhole camera of the preceding section, the
response of a lens is wavelength dependent, with shorter wavelengths brought to
closer focuses as indicated in figure 3.9 (a). Low aberration achromatic doublets are
therefore selected for system lenses, reducing the difference in red and blue focal
positions to . 1mm [68] for each lens.
The large diameter of system lenses D = 5cm compared to the probing wave-
lengths ensures diffraction effects (3.11) can be neglected. MAGPIE plasmas are
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typically transparent to their own emission and hence system resolution is limited
by the diameter of the light cone collected at each imaging position Q as shown in
figure (3.9) (b). For a transparent, emissive cylindrical target such as our plasma
jets the maximum cone diameter δ for a system focused at the target axis O is given
by (3.13).
δ = r
D
2p
(3.13)
where p is the object-lens distance, D is the lens diameter and r the target radius.
Thus for a given target and lens diameter higher resolution may be achieved at
larger object distances. However, this decrease in sample size dramatically reduces
collected intensities at each detector pixel ∝ δ2. We therefore select a f = 50cm lens
permitting sufficient collected intensity at over δ = 0.1mm spatial scales within a
∼ 10mm plasma target, providing comparable resolution to that expected for XUV
emission images. Chromatic aberration adds a typical ≈ 2mm displacement between
red and blue focal positions at the target, reducing the resolution of the two lens
system to ∆x ≈ 0.3mm.
Signals are captured on twelve 649 × 558px CCD arrays closely packed within
the camera. Each array is activated sequentially by arrival of a triggering pulse at
intervals which may be specified by the user through a PC interface. The system
is limited to a minimum ∆t = 15ns interframe time and temporal resolution is de-
termined by the δt ≈ 10ns pulse width. We therefore expect somewhat lower detail
images than those captured by XUV cameras due to the significant displacement of
high velocity plasmas during this time. However the high number of imaging frames
available during each experiment makes this fast-framing camera an extremely pow-
erful plasma dynamics diagnostic if high resolution is not critical.
3.3 Laser Diagnostics
Although radiation emitted by a plasma is an excellent source of qualitative density
and temperature information, in order to extract quantitative information the prop-
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erties of the source radiation need to be better constrained. Such control is achieved
by illumination of the target region with monochromatic light from a laser source of
known intensity I0 and wavelength λ. All wave properties of incident radiation in
a magnetised plasma my be exploited experimentally, but the most readily studied
are indicated in figure 3.10. Refraction and transmission effects yield quantitative
information regarding plasma density, while scattering may be used to probe particle
velocities and hence system temperature.
In general magnetised plasmas such as those typical of z-pinch devices are highly
birefringent materials, supporting many and various charge oscillations. Thus elec-
tromagnetic waves E(z, t) = E0exp[i(k · z − ωt)] may propagate at a selection of
characteristic phase velocities vph = ω/k, and hence refractive indices η = cvph , de-
pending on the orientation of the wave field to the ambient B0 field. However, in a
‘cold’ (phase velocity of waves greatly exceeds particle velocity), weakly magnetised
plasma it may be shown [54] that the refractive index depends only on the plasma
frequency ωp (2.11), where ω is the angular frequency of incident radiation and c is
the vacuum propagation speed of light
η =
c
vph
=
(
1− ω
2
p
ω2
) 1
2
(3.14)
Note that plasmas are opaque to radiation at frequencies lower than the plasma
frequency and thus (3.14) suggests fractional refractive indices 0 < η < 1. Phase
information therefore travels superluminally in a weakly magnetised plasma. Recall-
ing the definition of the plasma frequency (table 2.2) relation (3.14) may be more
conveniently expressed in terms of the electron density ne and a critical density nC
above which plasma becomes opaque to the probing frequency
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η =
(
1− ne
nC
) 1
2
(3.15)
where nC =
0me
e2
ω2 =
1.1× 1027
λ2(/µm)
(/m3) (3.16)
3.3.1 Shadowgraphy
Laser shadowgraphy is a simple technique which allows regions of rapidly changing
density associated with plasma shocks to be instantly identified from 2D images of
the target region. The variation of refractive index with electron density results in
brightening and darkening of regions immediately adjacent to the shock position.
Theoretical background and discussion of implementation techniques can be found
here [69] [70] [71].
The principle of operation of a shadowgraphy system is illustrated in figure 3.11.
A collimated laser beam is expanded to uniformly illuminate an extended region
of target plasma, as shown in figure 3.11 (a). Planar wavefronts are refracted by
density gradients in the plasma due to the additional optical path lengths dL = ηdz
introduced by propagation in regions of higher density. This process is illustrated
schematically in figure 3.11 (b) for the simple geometry of a thin slab with uniform
transverse density gradient dη/dy = const. For small angles the deflection θ can be
related to optical path differences by tanθ ≈ θ = dL/dy, which thus depends only
on the transverse gradient of the refractive index
θ =
d
dy
∫
η dz (3.17)
In regions where refractive index gradients are non-uniform the beam is expanded or
focused as illustrated in figure 3.12. For small angle deflections each ray entering the
probing region at position (x, y) with infinitesimal cross sectional area dxdy will be
deflected according to (3.17), arriving on a screen at distance Z at position (x′, y′)
with cross sectional area dx′dy′
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Figure 3.11: Experimental setup (a) and operational principle (b) of a laser
backlit shadowgraphy imaging system. A collimated laser beam is expanded to
uniformly illuminate a plasma target. Transverse gradients in refractive index
η(x, y) deflect planar wavefronts arriving at normal incidence such that incident
ki and outgoing ko wavevectors are equal in magnitude but differ by angle θ.
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(x′, y′) =
(
x+ Z
d
dx
∫
ηdz , y + Z
d
dy
∫
ηdz
)
(3.18)
Conserving power along each ray relates detected intensity Id to incident intensity
I0
Id dx
′dy′ = I dxdy (3.19)
Introducing (3.18) and neglecting small deflections
Io
Id
= 1 + Z
[
d2
dx2
+
d2
dy2
] ∫
η(y)dz
Id
I0
=
(
1 + Z
[
d2
dx2
+
d2
dy2
] ∫
η(y)dz
)−1
⇒ Id
I0
≈ 1− Z
[
d2
dx2
+
d2
dy2
] ∫
η(y)dz (3.20)
Thus moderate gradients in refractive index, for which x′ ≈ x and y′ ≈ y, result in
brightening of the imaging screen according to the second spatial derivative of the
refractive index. At densities significantly lower than the critical density expression
(3.15) indicates direct proportionality between refractive index η and electron den-
sity ne. Thus the additional intensity supplied by arrival of deflected rays ∆I is
proportional to the second derivative of the electron density
∆I
I0
∝
(
d2
dx2
+
d2
dy2
)
ne (3.21)
Shadowgraphic imaging across a planar shock (a stepped density profile) front there-
fore generates a characteristic pair of bright and dark fringes as shown in figure 3.12.
The technique is thus most useful for the identification of shock features and other
contact discontinuities within a target plasma. Despite the density dependance of
(3.21) the double derivative renders it inconvenient to handle computationally. In
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Figure 3.13: The Mach-Zehnder setup for density measurement by
laser interferometry.
fact the density information carried by the probing beam is more readily extracted
using an interferometry system as discussed below.
3.3.2 Interferometry
3.3.2.1 Theoretical background
The phase change acquired by each element of a planar wavefront of wavelength λ
traversing a region of uniform plasma density is related to the optical path length
introduced by the plasma (3.22). Since the path length ∆L depends in turn on
refractive index, and hence electron density, this relationship can be exploited to
extract density information about a target region.
∆φ =
2pi∆L
λ
where L = ηz (3.22)
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A laser system may be applied as illustrated in the Mach-Zehnder configuration
of figure 3.13 to provide accurate measurement of the phase difference acquired
during propagation length l through a plasma target. Two identical beam lines are
formed by passing a collimated laser beamline through a beam splitter. Both probing
and reference beams are passed along paths of identical physical length, with the
former probing the target region. Path differences δL introduced by plasma can
thus be related to the refractive index of the sample ηprobe by expression (3.23).
δL =
∫ l
0
(ηprobe − ηref ) dz (3.23)
The refractive indices of air and vacuum elsewhere along the beamlines are identical
to unity to accuracy of one part in a thousand and thus ηref = 1. Hence plasma
densities can be related to phase differences by expression (3.25), where η is the
refractive index of the probed plasma.
∆φ =
2pi
λ
∫ l
0
η − 1 dz (3.24)
Application of (3.15) at electron densities ne well below the critical density nC yields
a linear relationship between phase difference and the integral of electron density
along the probing path (3.25).
∆φ =
2pi
λ
∫ l
0
√
1− ne
nC
− 1 dz
≈ −2pi
λ
∫ l
0
1
2
ne
nC
dz
∴
∫ l
0
nedz =
λ
pi
nC∆φ (3.25)
The critical densities (3.15) at the λ = 532nm and λ = 355nm probing wavelengths
are nC(532) = 4.0× 1021cm−3 and nC(355) = 8.9× 1021cm−3 respectively. Both are
thus more than 100 times larger than the ne = 1019cm−3 density of jet plasmas and
expression (3.25) can be applied to our jet-ambient interactions.
The tacit assumption of expression (3.25) is that refractive index of a plasma
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depends only on electron oscillations. Although it is certainly true that the ion mass
suppresses ion oscillations, polarisation of ions and neutrals by the passing wave may
make significant contribution to the refractive index if the plasma is weakly ionised.
When the probing wavelength exceeds the particle size an induced dipole is formed
across each particle and a refractive index ηn may be quantified by the average
polarisability α of the particles and their number density nn .
ηn = 2pinnα + 1 (3.26)
Values of α are tabulated [72] and lie in the range α ∼ 10−25–10−23cm3, with larger
values corresponding to higher atomic numbers and incomplete electron shells. At
typical MAGPIE particle densities 1017 < n < 1019cm−3 this represents an increase
in the refractive index of at most 0.1% from the vacuum state. At equivalent electron
densities the negative change in refractive index (3.15) is some seven times larger,
and at the high ionisation states expected for both jet and ambient plasmas the
contribution of neutrals can safely be neglected.
3.3.2.2 Implementation
The characteristic linear interference fringes produced when two planar waves are
combined may be used to recover the additional phase acquired by a probing beam
traversing a plasma target. Each fringe indexed by integer p is separated by distance
s and phase shift of ∆φ = 2pi from adjacent fringes p±1 as illustrated in figure (3.14).
A similar pattern is produced in a Mach-Zehnder interferometer by introduction of
a small angle θ between probe and reference beams as they are recombined. The
presence of target plasma
∫
nedz increases the relative phase ∆φ between probe and
reference beams (3.25) and fringes become deflected from their rest positions. The
deflected pattern expected for an on-axis jet propagating in the y direction is shown
in figure 3.14 (b).
Reference and shot fringe patterns are recorded immediately prior to each ex-
periment and at the time of interest using a high resolution digital SLR. Spatial
and temporal resolution are determined by the fringe spacing ∆x = s/2 and the
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Figure 3.14: Linear interference fringes generated by recombination of coherent
planar wavefronts at small angle θ. The pattern formation process is illustrated
from above (a) and experimental fringes are shown before and after the addition
of an axial plasma jet (b). The field of view is limited to the beam diameter D.
δt = 0.4ns width of the laser pulse respectively. The phase shift at each probing
position (x, y) may then determined by subtraction of the reference fringe index p
(which need not be integer at the probing position) from that of the shot fringe p′
(also non-integer) at the same position (3.27). The dimensionless index F ≡ p′ − p
is known as the fringe shift :
∆φ = 2pi(p′ − p) = 2piF (3.27)
Determination of the phase shift ∆φ in this way enables application of (3.25) and
hence extraction of areal density n¯el as shown in (3.28), where l is length of the
target plasma along the line of sight and n¯e is the average electron density over this
length:
n¯el ≡
∫ l
0
nedz = 2λnCF (3.28)
For λ = 532nm and 355nm areal densities corresponding to one fringe shift F = 1
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λ nC n¯el
(/m−1) (/cm−3) (/cm−2)
2nd Harmonic 532 nm 3.8×1021 4.2 ×1017
3rd Harmonic 355 nm 8.8×1021 6.3 ×1017
Table 3.1: Areal densities n¯el corresponding to one
fringe shift F = 1 for the harmonics of Nd:YAG laser
are included in table 3.1.
Areal densities are computed across the experimental field of view by encoding
reference and shot fringe positions across an (x, y) grid. A MATLAB routine [73]
performs linear interpolation to assign values of F between fringe positions and
(3.28) is applied at each grid position. The process is illustrated for an axial plasma
jet in figure 3.15. Interpolation between the fringe positions introduces characteristic
uncertainty ±0.5F to fringe shift measurements and thus a random error ∆n¯el =
±2.1×1017cm−2 and ±3.2×1017cm−2 to areal densities recovered by λ = 532nm and
355nm interferometry. This accuracy is often sufficient for high density ∼ 1019cm−2
jet plasmas but may be reduced to the ∆n¯el = ∆n¯el√N ∼ 1016cm−2 level by averaging
across N adjacent probing positions.
There is significant systematic error associated with interferometry data intro-
duced by accidental displacement of the beam alignment optics between shot and
reference images. For the recombination of ideal planar waves shown in figure 3.14
(a) the fringe separation s is related to the small beam interaction angle θ
s =
λ
sin θ
≈ λ
θ
(3.29)
Thus for a given setup angle θo accidental changes in the interaction angle δθ intro-
duce undesirable compression or rarefaction of the fringe spacing
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Figure 3.15: Production of areal density plot (c) from interference fringes
recorded before (a) and (b) during a MAGPIE discharge. Fringes traced by eye
(i) are indexed (ii) and interpolated (iii) by a MATLAB routine [73]. Plots (iii)
are subsequently subtracted to determine fringe shift F (3.27) and hence areal
density (3.28) at each position. Note that fringes obscured by the presence of
high density plasma in the shot image (b)(i) are ignored by the code in both
shot and reference images.
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δs = − λ
θ2o
δθ (3.30)
Indexing an unshifted fringe as p = 0 subsequent fringes are shifted by total distance
δp = p δs
s
, introducing an erroneous fringe shift ∆F which rises linearly with fringe
index p across the field of view
∆F = p
δs
s
= −λδθ
sθ2o
p (3.31)
Interference angles are adjusted (see figure 3.13) to θo ≈ 1mrad prior to the shot
at the recombination beam splitter using a high precision kinematic mount [74].
This choice sets the fringe separation (3.29) at s ∼ 0.5mm for the λ = 532nm
probe, providing spatial resolution ∆x = s/2 = 0.25mm. Accidental angle changes
at the 10% (0.1mrad) level thus introduce fringe shifts across the fringe pattern at
a rate of 0.1 fringe shifts per fringe. This corresponds to a linear alias in the areal
densities (3.28) of ∼ 1× 1017cm−2/mm across the field of view. This effect can lead
to significant spurious density accumulation across our centimetre scale images and
must be identified and removed during post-processing where possible.
Note that (3.27) also permits uniform density aliasing due to inaccurate identifi-
cation of fringe index between shot p′ and reference p images. The measured fringe
shift F ≡ p′−p may therefore be displaced from the true value by integer values ±m,
introducing systematic error ∆(n¯el) = ±m 4.2× 1017cm−2 and ±m 3.2× 1017cm−2
across the plot for the 532nm and 355nm probes respectively. It is often impos-
sible to exclude the possibility of such error from areal density plots, but even in
these circumstances much useful information can be recovered from relative density
changes.
3.3.2.3 Abel inversion
In order to apply the gasdynamical relationships of section [s.2.2] to density struc-
tures resolved by interferometry it is necessary to evaluate the variation of absolute
density across the (x, y) field of view. In the case of jet-ambient interactions the
cylindrical symmetry of the system can be exploited to recover absolute density in-
80 Generator and diagnostics
z
r
x1 x2
dx = dr
Optic
axis
Radius
of interest 
x2 = x1-dx
r = x1-2dx
x1L
Image 
plane
O
Beamline
of interest
Figure 3.16: Using areal density information n¯el(x, z) the inverse Abel transform
(3.32) determines absolute density at the azimuthal angle of the imaging plane θ.
Cylindrical symmetry is assumed to determine the relevant probing lengths l.
formation via application of the inverse Abel transform [75] [76]. The transform is
given by expression (3.32), where nel(x) is the areal density recorded as a function
of horizontal image position x and ne(r) is the absolute density at radial distance r
from the symmetry axis. This expression is evaluated for each axial position z by a
MATLAB routine (see Appendix B) to produce an (r, z) electron density plot.
ne(r) = − 2
pi
∫ ∞
r
d[n¯el(x)]
dx
1
2
√
x2 − r2dx (3.32)
The transform acts to project two dimensional density information, captured in
the imaging plane as areal density, into a three dimensional cylindrically symmetric
object. Expression (3.32) defines the unfolded object as a set of nested semicircular
shells of infinitesimal thickness between the probing radius r and large outer radius
x1. The first two such shells are illustrated schematically in figure 3.16. The ex-
pression is evaluated by the MATLAB algorithm as an iterative process initiated
at large radius r > x1. In this background region zero density is assumed and the
upper limit of the transform integral is truncated. The incremental increase in areal
density d[n¯el] due to the primary shell can be determined from the gradient of the
areal density plot d[n¯el]
dx
. An absolute density increment dn¯e can then be calculated
for the shell by division by the total chord length 2L = 2
√
x21 − x22. This process
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defines a new, non-zero background intensity to which the density increment due
to the following shell at radius r = x3 must be added (or subtracted). Summing
over all relevant shells returns the areal electron density ne(x) at each image posi-
tion. This result is divided pi/2 accounting for the switch to cylindrical coordinates
and azimuthal symmetry (no θ dependence) to return absolute density ne(r) as a
function of radius alone.
The accuracy of the numerical procedure is governed by the sample length l
across each shell required for the calculation. Azimuthally varying density per-
turbations of wavelength longer than this characteristic scale are neglected, while
shorter wavelength variations are averaged. In the following work probing radius is
limited to the x1 = 5mm radial extent of the interferometer field of view, and incre-
mental radial distance to the dr = 0.02mm spatial resolution of the detection optics.
These parameters yield l =
√
x2i−1 − x2i = 0.4mm for the largest radius shell and
the result is over ten times smaller for the innermost shell. Additional uncertainty
is associated with the numerical procedure used to determine areal density gradi-
ents d[nel(x)]/dx. The code employs a ∼ 0.2mm step length which is significantly
smaller than the curvature radius across the majority of the areal density profiles
observed during this project. Note however that some flattening is expected around
the sharpest density turning points.
The dominant sources of uncertainty associated with the Abel transform proce-
dure are systematic. It is often impossible to exclude the possibility of a uniform
density background plasma at large radius r > x1. The shallow gradient d[nel]/dx in
these outer regions limits the contribution of such plasma to the integral in expres-
sion (3.32). However, it is impossible to determine the absolute contribution of this
outer plasma and density results must be treated as a lower limit. Nonetheless (r, z)
density plots accurately reflect relative density changes across the probing region.
More problematic are errors introduced by definition of the symmetry axis r = 0. If
the system is cylindrically symmetric across arc lengths less than l and the system
axis is located accurately then absolute densities are returned reliably as a function
of radial position. However, an error dX in location of the system axis in the image
plane generates an erroneous probing length l′:
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l′ =
√
(xi−1 + dX)2 − (xi + dX)2
l′ =
√
x2i−1 − x2i + 2(xi−1 − xi)dX
l′ =
√
x2i−1 − x2i + 2dxdX
l′ ≈
√
x2i−1 − x2i
[
1 +
1
2
2dxdX
x2i−1 − x2i
]
(3.33)
where the binomial approximation of the final equality is valid for 2dxdX 
x2i−1−x2i . Expression (3.33) yields fractional error in probing length l at each radial
position xi:
(l′ − l)
l
=
dxdX
x2i−1 − x2i
(3.34)
The∼ 0.2mm spatial resolution of our imaging diagnostics introduces a minimum
error in axial position |dX| = 0.2mm. For typical pixel separation dx = 0.02mm
expression (3.34) can be evaluated to determine characteristic uncertainty in probing
length (and hence absolute density ne = [nel]/l) at each radial position. At large
radius x1 = 5mm the percentage error due to misplacement of the system axis by dX
= 0.2mm is 2%. At xi = 1mm the equivalent error is 10% and at smaller radii the
binomial approximation of expression (3.34) breaks down and errors rapidly exceed
100%.
3.3.3 Thompson scattering
3.3.3.1 Theoretical background
When electromagnetic wave E(z, t) = E0exp[i(k · z − ωt)] enters a test volume dV
containing ionised gas radiation is scattered at opening angle θ as shown in figure
3.17. Scattering occurs by oscillation of charged particles (Thomson scattering) as
shown in (b) and also, to a lesser extent, due to the polarisation of neutral charges
(Rayleigh scattering). The total scattered power into solid angle dΩ in waveband
∆λ = λ→ λ+dλ due to each species α is defined as the product of incident intensity
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Figure 3.17: The Thomson scattering process in a plasma. Incident radiation
(E0,k0) drives oscillation of free electrons which radiate (E1,k1) as secondary
dipole antennae. Radiation is emitted in all directions θ except along the axis
θ = pi/2 defined by the polaristation direction of E0.
I0, total number of scattering particles N = nαV and a constant scattering cross
section σ(λ, θ):
Iα(λ, θ)dΩdλ = I0nαV σ(λ, θ)dΩdλ (3.35)
The oscillating dipole has angular dependence P ∝ (1 − sin2 θ) and it may readily
be shown that the cross section for Thomson scattering is given by
σ(θ) = r2e
[
1− sin2 θ] (3.36)
This expression may be integrated over all solid angles to return a total cross section
to linearly polarised light
σT =
4
3
pir2e = 3.3× 10−25cm2 (3.37)
The high electron mobility in a plasma ensures scattering is dominated by electrons
and the appropriate scatterer radius is the classical electron radius re = 2.82 ×
10−15m.
The total cross section to Thomson scattering is therefore wavelength indepen-
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dent. Note also that the angle θ = pi/2 represents an angle of zero scattered intensity,
and this remains true regardless of the total number of particles in the system. The
numerical value of (3.37) is typically over one hundred times larger than Rayleigh
scattering cross sections [77], except for highly polar molecules. In MAGPIE plasmas
high ionisation ensures electron Thomson scattering dominates all other scattering
processes.
In a fully ionised plasma the total scattered intensity reflects the coupled inter-
actions of all electrons illuminated by the probing laser. It may be shown [78] that
the total Poynting flux IN radiated by N independent, indistinguishable electrons
with oscillating electric fields Ek is given by the pairwise sum across all electrons
(3.38). This sum generates two terms - the former due to self-interaction of each
particle k with its own magnetic field ∝ E2kk, and the second ∝ EkEl due to the
magnetic field of others.
IN =
0c
4pi
N∑
k=1
Ek
N∑
l=1
El r
2dΩ =
0c
4pi
[
NE2kk +N(N − 1)Ek ·El
]
r2dΩ (3.38)
If particle motions are uncorrelated, then crossed term sum to zero, as the interaction
with radiation El of arbitrary phase is equally likely to produce negative as positive
terms. This regime is known as the non-collective scattering regime, and is accessible
at laser wavelengths smaller than the Debye shielding length λ < λD where scattering
is due to the isotropic thermal motions of electrons. At longer wavelength the
probing beam drives coherent oscillation across multiple Debye spheres and the
correlated electron motions result in dominance of the second term. The condition
λ > λD is therefore known as the collective scattering regime.
Thomson scattering from MAGPIE plasmas is expected in the collective scat-
tering regime (λ = 532nm; λD < 1µm [s.2.1.1]). Under these conditions strong
scattering is observed from the Debye shields of individual ions and also from the
density perturbations associated with forward and reverse propagating ion acoustic
and electron plasma waves. These waves split the scattering spectrum into two pairs
of peaks centred about the probing wavelength as shown in figure 3.18 (a). How-
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Figure 3.18: Characteristic Thomson scattering spectra from a plasma in the
collective regime at thermal equilibrium or low ion temperature Ti . ZTe (a)
and at high ion temperature Ti > ZTe (b).
ever, in the limit of highly asymmetic temperature distribution Ti > ZTe ion acoustic
waves suffer pronounced Landau damping. In this limit the collective scattering from
Debye shielded ions reduces to the gaussian form expected from an isotropic thermal
distribution of scatterers as shown in figure 3.18 (b). The power spectrum I1 for
such a system is described by the mathematically tractable expression (3.39) [78].
I1(r, λ) dλdΩ = I0 nelr
2
e
1√
2piσ
exp
[
−(∆λ)
2
2σ2
]
dλdΩ (3.39)
with σ−1 ≡
√
mi
2kBTi
c
λ0 sin
(
θ
2
) (3.40)
Thus scattered power at each position r and scattered wavelength λ is related lin-
early to input illumination intensity I0, scatterer density ne and probing length
l, depending additionally on ion temperature Ti and probing wavelength λ0. In
the limit of excess ion temperature Ti > ZTe Thomson scattering may therefore
be applied to determine electron density ne and ion temperature Ti from the peak
amplitude (3.39) and full width σ (3.40) of the ion-driven scattering spectrum.
3.3.3.2 Velocimetry
The general Doppler shift formula is given by expression (3.41) for a moving oscillator
radiating at angular frequency ωa detected by a stationary observer at ωb. The
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Figure 3.19: The Thomson scattering geometry. Scattered radiation at
wavevector k1 is observed at angle θ from the input beam with wavevector
k0. The scattereing wavevector ks = k1 − k0 lies at angle ξ from the fluid
velocity u.
redshift Z and velocity index β are given by the familiar relations (3.42), where u
is the scatterer velocity.
∆ω = ωa − ωb = ωb Z (3.41)
Z =
√
1 + β
1− β − 1 and β =
u
c
(3.42)
In the non-relativistic limit β  1 and the frequency shift reduces to (3.43):
for β  1 Z → β
⇒ ∆ω ≈ ωbu
c
= kb ·u (3.43)
Thomson scattering of incident radiation at the laser wavelength λ0 from a mov-
ing particle causes the radiation frequency to be Doppler shifted both during ab-
sorption and re-emission. Source radiation at wavevector k0 is Doppler shifted to
detected wavevector k1, with frequency shift ∆ω given by (3.44). The magnitude of
the shift depends therefore on the particle velocity u, the scattering wavevector ks
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and the internal angle ξ between them.
∆ω = (−k0 + k1) ·u = ksu cos ξ (3.44)
At non-relativistic speeds frequency changes are small and the scattering wavevector
ks = −k0+k1 may be approximated kS ≈ 2k0 cos(θ/2) where the internal scattering
angle θ is indicated in figure 3.19. Under this approximation expression (3.44) yields
frequency (3.45) and wavelength (3.46) relationships between source and detected
rays. Thus defining the incident wavelength λ0 using a laser source allows direct
measurement of the component of the scattering fluid velocity u if the direction of
motion and scattering angle can be defined.
∆ω = kS ·u = 2k0 cos
(
θ
2
)
u cos ξ (3.45)
∆λ =
λ0
c
2 cos
(
θ
2
)
u cos ξ (3.46)
3.3.3.3 Implementation
Our jet-ambient targets are illuminated by a ∼ 1GW Nd:YAG laser which delivers
an δt = 8ns pulse at λ0 = 532nm. Scattered light is collected using a Shamrock 500
spectrometer at ∆λ = 0.01nm spectral resolution. The experimental setup used in
this work is shown in figure 3.20.
The input laser is focused to small diameter along the machine axis (x, y) = (0, 0)
and scattered light is observed perpendicular to the input beamline. A darkened
cavity is installed in the cathode ring to prevent stray light overwhelming the scat-
tered signal. At (x, y) = (0, 0) purely axial plasma velocities uz are expected, setting
the velocity-scattering angle at ξ = 45◦. A linear polariser and Brewster window
ensure incident radiation Ey is polarised in the yˆ direction only, generating maximal
scattering in the fibre direction xˆ. A seven a = 200µm diameter fibre bundle is fo-
cused along the axis using a D = 2’’ diameter, f = 8cm focal length lens at system
magnification M = 0.2. Fibres are directed to the spectrometer input slit set at
larger entrance width c > a than the fibre diameter to ensure no signal loss. Spectra
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Figure 3.20: Experimental setup for axial velocity and temperature measure-
ment by Thomson scattering. An axial probing beam is scattered and collected
along a perpendicular direction by a seven fibre bundle (a). The spectrometer
(b) delivers the seven spectra to an intensified CCD screen (c).
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are generated by a 2400line/mm diffraction grating, bringing an image of the slit
at each component wavelength to focus at the photocathode of a light intensifying
CCD (iCCD). Seven spectra are thus captured during each shot at evenly spaced
axial intervals along the plasma as suggested by figure 3.20 (c).
The finite slit width and internal dispersion of the spectrometer broaden a
monochromatic source over ∼ 0.1nm as shown for the 532nm laser source in figure
3.21. At typical jet velocities ujet ∼ 105ms−1 expression (3.46) indicates Doppler
broadening of ∆λ ∼ 0.2nm. It is therefore necessary to deconvolve signal and in-
strumental response in order to isolate broadening due to scatterer velocities. The
instrument function is well approximated by a gaussian fit and it may be shown [79]
that the convolution of two gaussians g(λ)1 and g(λ)2 returns a third, broader gaus-
sian (3.47)
g(λ)1 ∗ g(λ)2 = A exp
[
−(λ− (µ1 + µ2))
2
2(σ21 + σ
2
2)
]
(3.47)
The average wavelength shift ∆λ due to fluid velocity and spectral width σ due
to thermally distributed scatters may be determined from observed parameters S
according to expressions (3.48) and (3.49) where subscripts 0 refer to properties of
the instrumental response
∆λ¯ = λ¯S − λ¯0 (3.48)
σ =
√
σ2S − σ20 (3.49)
Spatial resolution is determined by the separation of imaging positions and the
finite fibre diameter. At magnifications of M = 0.2, fibre diameter a = 200µm
and separation b = 490µm the axis is sampled by seven δz = 1.0mm diameter foci
at ∆z = 2.45mm intervals, providing ample resolution along our ∼ 20mm length
plasma jets. Spectral resolution is limited to the ∆λ = ±0.01nm interval sampled
by the spectrometer CCD. Instrumental response parameters λ¯0 and σ0 are recorded
immediately prior to each shot by scattering from an alignment pin at the target
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Figure 3.21: The wavelength
dispersion of our scattering sys-
tem is well approximated by a
gaussian fit. The peak posi-
tion λ¯ and characteristic width
σ must be subtracted from ex-
perimental spectra according to
(3.48)–(3.49)
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position. Accounting for uncertainty in both scattering spectrum and instrumental
response function returns typical accuracy of δ[∆λ] = ±0.02nm in measurements
of wavelength shift. At expected ∆λ = 0.2nm shifts this corresponds to system
accuracy at the 10% level. Where a gaussian fit is appropriate the spectral width
may be determined to similar accuracy from the full width at half maxima (FWHM)
as indicated in figure 3.21.
Note that expression (3.46) relating wavelength shift ∆λ and scatterer velocity
u depends also on observation angle θ and velocity-scattering angle ξ. The result-
ing influence on wavelength shift may be estimated by evaluation of the partial
differentials as shown in (3.50).
d[∆λ] = −2λ0u
c
(
1
2
sin
(
θ
2
)
dθ + sin ξdξ
)
(3.50)
Both scattering angle θ and velocity-scattering angle ξ are determined to better
than 0.05rad accuracy by the chamber radius and 2’’ diameter of the collection
lens. Thus at typical plasma velocities u ∼ 105ms−1 and experimental geometry
(θ, ξ) = (pi/2, pi/4) the maximum wavelength shift introduced by the collection optics
is d[∆λ] ≈ 0.02nm. This value is similar to the spectral resolution and additional
spectral broadening may be expected at the 10% level.
Chapter 4
Conical and Cylindrical Wire Array
Jet-Ambient Interaction Experiments
Having established a theoretical framework by which plasma dynamics [c.2] and
diagnostic outputs [c.3] can be readily interpreted, the results of three related jet
interaction experiments will now be presented. In this chapter we discuss experi-
ments in which the collimated outflow of a conical wire array is propagated through
a lower density ambient tungsten plasma generated within a cylindrical wire array.
In the following chapter [c.5] ambient wire array plasma is replaced by the extended
outflow plasma ejected by an aluminium radial foil. The influence of this exchange
of ambient geometry and radiative properties is investigated. [c.6] concerns the in-
fluence of jet velocity on the interaction structure by replacement of the conical wire
array jet with the higher Mach number outflow plasma of a radial wire array.
The jet-ambient interactions considered in this chapter are driven by the double
array target shown in figure 4.1 by which the collimated plasma jets produced by
a conical wire array [18] [80] are propagated within the axial plasma column of a
cylindrical wire array. The two arrays are connected in series and driven simulta-
neously by the (Ipeak, trise) = (1MA, 240ns) MAGPIE current pulse. Rising current
within the array wires initiates powerful ohmic heating and plasma is ablated from
the wire surfaces. The same current simultaneously induces powerful toroidal field
B(r) ∼ 10T beyond the array radius and Lorentz J×B forces act perpendicular to
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Figure 4.1: Jet-ambient interaction generated by the series discharge of
cylindrical and conical wire array z-pinch targets. Ablating wire material
in the two arrays generates a collimated central jet and broad diameter
precursor column ambient medium.
the wire direction, driving plasma towards the array axis. A region of free space is
introduced between the two arrays to reduce interaction of the two plasmas before
the jet is fully formed. Spacing hardware and conical wires are suspended from the
cylindrical wires to ensure the current pulse passes exclusively through array wires.
The dimensions of both arrays must be optimised according to the following
considerations. Cylindrical tungsten arrays are known to produce a relatively long-
lived precursor column of on-axis plasma, between the arrival of the first ablated
plasma and the collapse of the column to small radius [53] [81] [82]. It is necessary
to adjust the setup so that the jet enters the cylindrical array after sufficient time
for significant plasma to have accumulated in the precursor column, but not enough
to trigger column collapse. This is achieved by experimentally determining the
precursor column collapse time in cylindrical wire arrays of increasing diameter
D = 16/30/37mm and developing a conical wire array geometry with appropriate
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Figure 4.2: Target section setup for large diameter wire
array characterisation experiments.
jet formation timescales.
4.1 Wide Cylindrical Array Characterisation Ex-
periments
4.1.1 Experimental setup
Before assembling the jet-ambient array, the dynamics of each component array
must be well understood. In the following section the influence of cylindrical array
diameter on on-axis density accumulation is investigated using the experimental
setup shown in figure 4.2.
A cylindrical array of sixteen 20mm long tungsten wires was hung between the
anode and cathode rings of the MAGPIE target mounting hardware. 10µm diameter
wires were selected, found in preliminary work to survive well beyond the ∼ 240ns
duration of the current pulse. Wires were held in tension using small lead weights
hung from a cylindrical ‘top hat’ extrusion above the anode plate. Replaceable
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Figure 4.3: An (l, D) = (20, 37)mm diameter sixteen wire cylindri-
cal array as viewed along the azimuthal diagnostic line of sight. A
45◦ exit mirror for the axial laser probing beam is mounted within
the flared cathode ring.
notched disks clamped within the electrodes ensured even wire spacing around the
azimuth. Following installation of the prefabricated array in the target chamber
both anode and cathode rings were rotated in unison until wires were positioned
exactly equidistant between the sixteen diagnostic beamlines (see [s.3.1.4]) leaving
the probing path with unobstructed view of the array axis. The cathode ring was
then rotated independently to achieve perpendicular orientation of array wires with
respect to electrode surfaces. This procedure was performed by eye along the prob-
ing beamline until both foreground and rear array wires appeared perfectly paired,
as shown in figure 4.3. Three different diameter D = 16/30/37mm arrays were in-
vestigated, with the standard D = 16mm MAGPIE array installed within the same
target mounting hardware as a control experiment.
Precursor column dynamics were observed at ∆t = 30ns intervals using two
XUV pinhole cameras as described in section [s.3.2.1]. The cameras were focused
at the array axis and initialised at the highest magnification permitting imaging
across the 20mm array length. Cameras were fielded along perpendicular probing
lines ∆θ = 90◦ as shown in figure 4.4. This arrangement ensured any significant
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Figure 4.4: Orientation of imaging diagnostics for large diameter
cylindrical array characterisation experiments.
deviations in column symmetry around the azimuth was recorded. Each camera
records four independent frames at δt = 3ns temporal resolution and they were
operated in sequence to cover ∆t = 210ns of experimental time. Precursor collapse
is not expected until ∼ 150ns after initiation of current at the load [83] [84] even in
the smallest diameter arrays. The first frame was thus triggered at t = 120ns after
current start, ensuring the collapse time was imaged while maximising number of
images across the remainder of the implosion.
Precursor column density inD = 16mm tungsten wire arrays under the MAGPIE
current is well documented [53] [83] [81] but no such measurements have yet been
established within the precursor plasma of arrays for which array diameter Rarray is
comparable to the array length Rarray & l. The end-on diagnostic laser [s.3.1.4] was
thus applied along the array axis as indicated in figure 4.4. In this orientation average
electron density can be straightforwardly extracted from areal density measurements
by division by the l = 20mm array length. The probing laser was injected along the
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array axis from above via the axial diagnostic port and directed out at azimuthal
angle θ = 112.5◦ by a 16mm diameter 45◦ mirror mounted within the cathode ring.
Installation of the mirror required significant ∆z ≈ 70mm extension of the cathode
ring (see figure 4.3) to ensure the mirror surface was at sufficient distance from
the pinch to avoid ablation of the reflective surface. The 532nm laser pulse was
delivered at t532 = 220ns after current start, at which time the D = 30mm column
was expected to reach highest density immediately prior to collapse. The larger
diameter of the D = 37mm array presents longer plasma crossing time between
ablation at the wire surface and accumulation within the column, and thus precursor
collapse is expected at later time.
4.1.2 Results and discussion
4.1.2.1 Collapse time
Machine current was recorded during all three experiments by two identical Ro-
gowski grooves [s.3.1.3] mounted around adjacent current return posts. The average
signals from the two probes are shown in figure 4.5. Probes were calibrated to within
10% accuracy and average values are thus recorded to better than ±7% precision.
All three traces exhibit highly similar profiles over the initial current rise, reach
average peak current ¯Imax = 1.14 ± 0.06MA in a ¯trise = 263 ± 12ns average rise
time. Uncertainties are estimated from the maximum variation observed between
the three shots. The three profiles all exhibit a characteristic ∝ sin2(ωt) dependency
as expected for the LC discharging circuit [s.3.1.1]. However peak currents and rise
times are significantly smaller and slower than the nominal MAGPIE experimental
values (Imax, trise) = (1.4MA, 240ns). Both current and rise time depend upon the
total series inductance between machine electrodes with trise ∝
√
Lload (3.3) and
Imax ∝ 1/Lload (3.4). Target section hardware is significantly elongated by the addi-
tion of the 45◦ mirror within the cathode ring and it is likely that the additional L
∼ 15nH∗ inductance associated with this modification is responsible for both effects.
Despite lower maxima, all three current profiles are consistent to within ∆I =
∗modelling target mounting hardware as a coaxial transmission line with inner and outer diam-
eters 6.5cm and D = 16.5cm at cathode ring and return post positions respectively.
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Figure 4.5: Total load currents recorded
during wide cylindrical array experi-
ments as sampled along adjacent cur-
rent return posts.
10% during the initial rise time, and the three targets are thus exposed to highly
similar current for t < 300ns. During this time XUV self-emission generated from
the array wires and by plasma accumulating along the array axis follows the sequence
shown for the D = 37mm array in figure 4.6. Very soon after arrival of current at
the load t  100ns superheated array wires begin to ablate strongly. This plasma
is highly emissive in the XUV and produces a bright halo plasma around the initial
wire positions, as shown at t = 200ns in figure 4.6 (i). Note that strong emission
is observed in this region at distances up to |x| = 4.6mm from the array axis,
and the majority is observed at distances greater than the |x| = 3.1mm theoretical
position of array wires in a D = 37mm diameter cylindrical array projected onto
the image plane. Images are scaled relative to the 20mm array length, which is
established to high precision prior to each shot by the presence of 20mm support
posts between anode and cathode rings. However it is known that electrode surfaces
eject sheets of cold, non-emissive surface material under the machine current of upto
1mm thickness, introducing a systematic error of upto -10% in distances taken from
4.6. It is likely that the regions of highest emission in figure 4.6 (i) are in fact centred
about the initial wire positions.
In the subsequent frame (ii) falling machine current reduces emission from the
wire positions, and it is clear that a central column of emissive material is present
along the array axis. Column edges are difficult to define due to the gradual change
in emission intensity across the region, but it is clear that material extends across
at least ∆x > 7mm and no further than ∆x < 9mm. After an additional 30ns
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Figure 4.6: Accumulation of plasma along the axis of a cylindrical D = 37mm
diameter, sixteen wire, tungsten wire array as recorded by XUV self-emission
cameras. Axial emission from a broad central column brightens with increasing
experimental time (i)–(ii), reaching a threshold at which the column diameter
rapidly contracts (iii). A steady, brightly emitting narrow column is imaged
along the array axis for the remaining observation time.
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the column radius is observed to have reduced to an average width ∆x . 6mm
although emission immediately above the cathode ring is observed at slightly broader
diameter. By t = 297ns the column has collapsed completely to small ∼ 1mm radius
and remains in this state for the remainder of the experimentally observed period
as shown at t = 342 in figure 4.6 (iv). The collapsed column is strikingly uniform
in diameter and stability along its length.
This dynamical sequence is observed in all three arrays investigated and the or-
der of characteristic processes appears unaffected by array diameter. However, the
time at which the sequence progresses is significantly accelerated by reduction of
array diameter. This effect is most readily quantified by the collapse time at which
the central column reduces to small diameter. The frame time at which contrac-
tion to small diameter is first observed in the D = 16/30/37mm diameter arrays is
plotted in figure 4.7. Data is also included from similar XUV self-emission images
recorded for the cylindrical upper array in later double array experiments [s.4.3]. It
is clear that increasing array diameter significantly delays precursor collapse time,
which are distributed evenly about a linear fit t (/s) = 1
5.5×104Rarray (/m). Although
many of the observed collapse times lie off-trend beyond the ∆t = −30ns uncer-
tainty associated with the camera interframe time such deviations are expected for
the ∼10% current variability and differences in load inductance between single and
double array setups.
It has been suggested [83] that column collapse is triggered by enhanced radiative
cooling when axial ion line densities reach a threshold ni = 6 × 1016cm−1. At
higher densities cooling power P ∝ n2i exceeds incident energy flux supplied by
accumulating plasma, the thermal pressure within the column falls and it is driven
to small diameter under the ram pressure [s.2.2.4] of instreaming plasma. Collapse
time thus depends on the time taken to ablate a critical ion number ncrit and the
time of flight taken to transfer this material to the array axis. The linear fit of figure
4.7 thus corresponds to a low formation time limit in which a uniformly collapsing
density shell produced in negligible time at the array radius is imploded at constant
velocity v = 55kms−1.
Account may be made of the finite plasma formation times by the rocket model
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Figure 4.7: Exper-
imentally observed
precursor collapse
times as observed in
XUV self-emission
images shown along-
side linear and Rocket
model fits.
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[82], which provides the simplest relationship between ablated mass per unit array
lengthm(t) and array current I(t) through a cylindrical wire array target by equating
ablation pressure and magnetic pressure at the array radius Rarray (4.1).
m(t) =
µo
4piuA
1
Rarray
∫
I(t)2dt (4.1)
The model assumes all plasma is accelerated to a constant final ablation velocity vA
within small distance δr  Rarray of the array wires. A value uA = 1.5 × 105ms−1
is found to produce a good fit to experimentally observed precursor collapse times
on the MAGPIE and COBRA (1MA, 100ns) generators [84]. For the sinusoidally
varying current rise I(t) = Imax sin2( pi2trise t) observed in figure 4.5 relationship (4.1)
may be solved analytically yielding an expression (4.2) relating the array radius
Rcrit for which the critical ion line density ncrit = 6× 1016cm−1 is produced by the
machine current at time t after initiation of current in the array. The collapse time
tcol may thus be modelled by relation (4.3) which accounts for the finite transit time
between wires and the array axis assuming a constant in-flight velocity vA.
Rcrit(t) =
µo
4piuAncritmi
I2max
trise
16pi
(
6pit
trise
− 8 sin pit
trise
+ sin
2pit
trise
)
(4.2)
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tcol = t(Rcrit) +
Rcrit
uA
(4.3)
Expressions (4.2)–(4.3) are solved parametrically and the resulting (Rarray, tcol)
profile included in figure 4.7 alongside the experimentally observed collapse times. It
is clear that this ncrit = 6×1016cm−1, vA = 1.5×105ms−1 rocket model fit produces
reasonable agreement with experimental data at large array radius Rarray > 12mm
for the average peak currents ¯Imax = 1.14MA and rise times ¯trise = 263ns observed
during the three dedicated wide array experiments described here. It is interesting to
note that the rocket model fit diverges from the experimentally observed linear fit at
Rarray > 16mm and the fielding of larger arrays R ∼ 30mm would certainly be able
to isolate whether a finite ablation time model is a more reasonable physical model
for the dynamics of wide (Rarray & l) cylindrical wire arrays. It is sufficient for our
purposes however that the collapse times may be predicted by the empirical linear
relationship restated below (4.4). At earlier times the central column is sufficiently
broad Dp > 7 to act as an extended ambient plasma for the dj ∼ 1mm conical wire
array jets.
t (/s) =
1
5.5× 104Rarray (/m) (4.4)
4.1.2.2 Column density
The reference and shot fringe patterns generated by the ‘end-on’ Mach-Zehnder
interferometer [s.3.3.2] along the axis of the D = 30mm array are shown in figure
4.8. The beam diameter is nominally limited to the D = 16mm projected diameter
of the 45◦ exit mirror placed beneath the wire array, but non-uniformity of the
probing beam reduces the area across which fringes can be traced reliably. The
array axis is identified to δx = δy = ±0.5mm accuracy in the pre-shot image (i)
using an alignment pin positioned by high precision kinetic mount. In both reference
and shot images fringes are oriented at ∼ 30◦ to the x direction and positioned at
perpendicular intervals δr =
√
δx2 + δy2 ≈ 0.5mm across the field of view. During
the shot fringes are deflected by ∼ 4 fringe shifts (FS) close to the array axis, whilst
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Figure 4.8: Traced interferometry fringes as recorded by the axial probing laser
prior to the experiment (i) and at 220ns after initiation of current at the load
(ii). The array axis is located using a removable alignment pin and low intensity
regions of the probing beam are masked for computational convenience.
some larger radius regions appear unshifted from reference positions.
Application of the MATLAB algorithm [s.3.3.2.2] determines fringe shifts at each
probing position (x, y) and hence areal electron densities n¯el may be plotted accord-
ing to expression (3.28). The average electron densities n¯e are evaluated using the
array length l = 20mm and the resulting density plot is shown in figure 4.9. Density
ranges from low value in regions where fringes are not observed to shift noticeably
to a maximum density of ne = 7.8 × 1017cm−3 at (x, y) = (2, 0)mm, consistent
with a ∼ 4FS fringe deflection at 532nm (see table 3.1) over a 2cm array. The
central column is fed by a set of higher density inflows of typical ∼ 0.5mm thickness
spaced at ∼ 22.5◦ intervals around the azimuth as expected for a 16 wire array. A
cylindrical symmetry axis O at (x, y) = (2, 0)mm may be defined at the position of
maximum density with polar angle θ defined from compass north in the usual way.
Radial profiles across the column are taken at 45◦ intervals between |θ| > 112.5◦
(the region of cleanest data) and plotted in figure 4.9. All four profiles demonstrate
similar linear density decrease with increasing radius falling to a background level
by r¯ = 5.9mm with characteristic gradient dne/dr ∼ 1.3× 1026m−4.
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Figure 4.9: Average precursor column electron density n¯e recorded along the
axis of a cylindrical, (l, D) = (20, 30)mm, sixteen wire tungsten array (a).
The array axis lies at (x, y) = (0, 0) and a secondary axis O is defined at
(x, y) = (2, 0), the position of maximum density. Radial profiles taken at
∆θ = 45◦ intervals about O are shown in (b).
It may be shown (see Appendix C) that such a linear density dependence is
expected for the interpenetration of parallel isothermal flows under the action of
viscous shear forces. When the fluids are highly ionised ne  ni the dynamic
viscosity µ is associated primarily with the electron fluid and can be determined
from the electron density gradient dne/dx, the total change in flow velocity ∆u
across the system, the thicknesses of moving ζ and stationary ξ layers and the
system temperature Te according to expression (4.5). All quantities are given in S.I.
units and a complete derivation is included in Appendix C.
µ(T ) = kBTe
ξ ζ
∆u
∣∣∣∣dnedx
∣∣∣∣ (4.5)
Fluid entering the precursor column must be brought to rest by the imper-
meable contact discontinuity formed between counter-propagating streams at the
central maxima observed in figure 4.9. Thus the total change in flow velocity can
be approximated at the MAGPIE ablation velocity ∆u ∼ uA = 1.5 × 105ms−1.
The electron temperature has been measured in the precursor column of 16 wire
D = 16mm aluminium cylindrical arrays [85] and assumes typical values Te ∼
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100eV= 1.2× 106K. Applying values observed in figure 4.9 (b) ζ ∼ ξ ≈ 0.5mm and
dne/dr = 1.3 × 1026m−4 yields µ = 0.004Pa.s. It is most interesting to note that
the dynamic viscosity of helium under similar conditions µ(T = 106K) = 0.002Pa.s
according to the Sutherland model (see Appendix C) is within a factor of two of
this estimate. It is plausible therefore that the electron gas can provide sufficient
viscous deceleration to bring in-streaming material to rest across the pre-collapse
time precursor column.
More significant for our purposes is the typical column density n¯e ∼ 4×1017cm−3
observed in thisD = 30mm tungsten array across the region r < 6mm at the probing
time t = 220ns into the current pulse. This density is dramatically lower than the on-
axis densities ne > 1019cm−3 observed at this time in the collapsed central columns
of D = 16mm arrays [53]. Unfortunately similar data could not be retrieved for
the D = 37mm array due to ablation of the mirror surface earlier than the probing
time. However it seems clear from figure 4.7 that the on-axis densities in this larger
array will be lower at equivalent times. In the D = 30mm wide array there is
clearly significant ambient plasma across a sufficiently broad radius to influence the
dynamics of an injected plasma jet.
4.2 Conical Wire Array Characterisation Experi-
ments
4.2.1 Experimental setup
The dynamics of a conical wire array jet propagating freely into chamber vacuum
were investigated using the wire array target shown in 4.11. Sixteen 18µm diameter
tungsten wires were selected as this combination is well studied [18] [20] and known
to produce tightly collimated supersonic outflows. Array wires were located as
above using notched alignment disks held coaxially within the anode and cathode
rings. Free rotation of the anode ring enables fine adjustment, ensuring there was
no azimuthal component to the direction of array wires. Wires were secured at
the anode using aluminium tape and hung freely under tension supplied by lead
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Figure 4.10: Target section setup for conical wire array jet
characterisation experiments.
weights. The arrays had large and small diameters (D, d) = (26, 12)mm and half
opening angles θ ≈ 30◦. A typical array is shown in situ prior to the shot in figure
4.11.
The diagnostic setup was modified from that of the preceeding section by addi-
tion of two azimuthally oriented ‘side-on’ probing lasers. Beamlines were directed
through the target sequentially after a ∆t = 20ns delay and were both initialised for
shadowgraphy [s.3.3.1] and interferometry [s.3.3.2]. It was thus possible to image
density changes during each shot both qualitatively and quantitatively. Jets are
expected to demonstrate some degree of azimuthal asymmetry and thus adjacent
diagnostic ports were selected for the probing beams for ease of image comparison.
The XUV self-emission cameras were focused in the same image plane as shown
in figure 4.12 and fielded in sequence to cover a total ∆t = 210ns of experimental
time. In these experiments the fluorescent screens were backed with HP5 optical
film. Cameras were oriented at θ = −22.5◦ and 157.5◦ to compass north such that
the focal planes of all four imaging systems lay within ∆θ = 45◦ for ease of image
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Figure 4.11: A sixteen wire (D, d, l) = (26, 12, 12)mm conical
wire array as viewed after installation between the MAGPIE
electrodes.
interpretation.
A total of four experiments were undertaken and load current recorded in each
by two identical Rogowski grooves mounted around adjacent current return posts.
Array geometry remained unchanged throughout, and the laser probing time was
adjusted in order to capture density evolution across the current pulse.
4.2.2 Results and discussion
4.2.2.1 Jet formation and propagation velocity
Although all four machine currents exhibit similar sinusoidal profiles to those recorded
in the previous section (figure 4.5), there is now significant variation between shots,
with peak current occurring at (Imax, trise) = (1.3MA, 250ns)A, (Imax, trise) = (1.4MA, 250ns)B,
(1.2MA, 250ns)C and (1.1MA, 340ns)D for the four experiments (A–D). It is likely
that premature discharge of a trigatron gas switch is responsible for the dramatically
lower peak current and slower rise time in run (D) by introduction of a ∆t ∼100ns
pre-pulse. It is clear therefore that results relating to run (D) must be treated with
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Figure 4.12: Orientation of imaging diagnostics for conical wire array jet char-
acterisation experiments.
some caution before drawing comparison with the remaining three. Note that the
average peak current ¯Imax = 1.3MA and rise time ¯trise = 250ns of experiments (A)–
(C) are noticeably larger and faster than the (1.1MA,263ns) values recorded during
wide array work, consistent with the lower total inductance of conical array target
hardware in which anode plate and cathode post are separated only by the 12mm
array length.
Plasma dynamics captured by XUV self-emission cameras are highly repeatable,
following the same sequence in all three experiments. Figure 4.13 illustrates the
principal features of the jet formation and propagation process with timings relevant
to the trise = 250ns rise time results. Images are scaled relative to the ∆z = 12mm
distance between the upper surfaces of cathode and anode rings, as recorded to high
precision prior to the shot. Uncertainty in distance measurements is therefore limited
to∼ 10% accuracy to which pre-shot surfaces may be identified in shot images, where
non-emissive material may accumulate across distances of upto δz = ±1mm above
the rest position of the surface.
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Figure 4.13: Jet formation and propagation as observed in XUV self-emission.
Plasma ejected above the anode plate (i) reaches a critical density and collapses to a
brightly emitting small diameter axial jet (ii). Initial jet propagation demonstrates
a diamond structure with sharpened leading edge (iii), whilst at later experimental
times (iv) jet edges become significantly perturbed.
At early times t < 200ns a broad emission region is observed above the anode
plate up to |x| . 8mm from the array axis, as shown in image (i). Emission intensity
increases towards the system axis and closer to the array. The ablation of array wires
is also clearly imaged at this time, with brightest recorded intensities occurring along
wire positions as expected. Between 220 < t < 240ns this broad emission region
collapses to a small diameter d ∼ 1mm, highly emissive on-axis column as shown in
(ii). By t = 270ns (iii) off-axis emission at z > 4mm is significantly reduced and a
‘naked’ axial jet propagates away from the anode plate. At this time jet emission
exhibits a characteristic diamond geometry, broadening along the z direction to a
maximum diameter d ∼ 2mm at z ∼ 4mm and contracting at larger axial positions.
There follows an extended period of steady jet propagation along the array axis,
during which the edges of the jet region become significantly perturbed by quasi-
sinusoidal crenellation (iv). During this time the average jet diameter increases
gradually, reaching a maximum d ∼ 5mm by the latest experimental times recorded
in this work.
The early time jet geometry is revealed in greater detail by the laser shadowg-
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Figure 4.14: The primary flow diamond as imaged by laser shadowgraphy (a).
Note ablation of high density material significantly increases electrode dimen-
sions during the shot relative to their marked rest positions. Perturbations of
the jet edge are clearly resolved by shadowgraphy at ∆t = 20ns intervals (b)
and may be tracked to provide a first estimate of jet velocity.
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raphy cameras. Figure 4.14 (a) illustrates the characteristic diamond geometry
of the young jet, captured at t = 370ns after current start in the (Imax, trise) =
(1.1MA, 340ns) run (D). The field of view is backlit by the probing laser and high
density plasmas appear as opaque ‘shadow’ regions in the image. Image scaling is
achieved to high precision by location of the anode and cathode surfaces within a pre-
shot reference image. Immediately above the anode plate (|x| < 4mm, z < 2mm)
regions of high density inflowing material are observed which approach the axis
obliquely at α = 115◦ and merge to form the central jet. The jet is clearly defined
against a background of almost complete transmission and edge regions are sharply
defined. Over the following axial distance 2 < z < 5mm jet diameter increases from
d = 1.8mm to a maximum of 2.8mm consistent with estimates drawn from XUV
self-emission. The full opening angle of the jet across this region is β = 16◦. Further
from the anode plate the jet contracts to small diameter with opening angle γ = 21◦,
reaching a secondary minimum diameter d < 0.5mm by z = 12mm. Such a diamond
geometry is expected for the ejection of a supersonic jet into a region at different
pressure to that of the jet [s.2.3.3]. The situation of figure 4.14 (a) corresponds to
the case of an under-expanded jet, in which the internal pressure of a jet exiting a
nozzle is significantly higher than the ambient pressure into which it expands. This
observation is certainly consistent with the low plasma densities expected for this
in vacuo jet. It is also expedient to define a nozzle height at z = 2mm above which
jet diameter begins to expand.
Figure 4.14 (b) illustrates the crenellation observed along the jet boundary after
formation of the first flow diamond. Comparison between shadowgraphy images
(i) and (ii) recoded within the same experiment permits the axial velocity of these
perturbations to be determined. Tracking maxima and minima along both edges
in all three experiments results in a set of velocities which may be plotted against
their average observation position as shown in figure 4.15. Runs (A) and (B) are
sampled at the same time t = 325ns after the arrival of current at the target, while
the slow current rise shot (D) is sampled after an additional 25ns. Uncertainty
in velocity measurement introduced by scaling of the two images is much smaller
(< 5%) than the characteristic velocity variation observed and is neglected from the
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plot for convenience.
Each dataset exhibits a striking linear dependance between perturbation velocity
u and the distance from the anode plate z at which the velocity is recorded. All
three fits cut the horizontal axis at z > 1.5mm suggesting low velocity of these
flow features at the nozzle exit. Velocities increase to a maximum observed value
of u = 7.9 × 104ms−1 recorded at z = 8.8mm from the anode plate. Best fit
lines (C) and (D) show good agreement whilst that of the highest current shot
(B) is significantly steeper. The best fit across all data points exhibits gradient
du/dz = 1.0± 0.2× 107s−1 where uncertainty reflects the spread between the three
most consistent trendlines. The correlation is described by expression (4.6).
uz (/ms−1) = 1.0× 107 z (/mm) − 2.2× 104 (4.6)
A linear dependence between fluid velocity and axial position is expected for the
acceleration of fluid due to the instantaneous release of confining pressure [s.2.2.1].
When the confining pressure is purely axial the relevant equations (2.22)–(2.23)
can be restated as shown below. In this context ∆t is the time elapsed since the
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pressure release event, γ is the adiabatic index of the fluid, c0 is the sound speed
of the confined material and z is the axial distance from the upper surface of the
pre-expansion fluid at t = 0.
u =
2
γ + 1
( z
∆t
− c0
)
for 0 < u < u1 (4.7)
ne = ne0
(
1− γ − 1
2
|u|
c0
) 2
γ−1
for 0 < u < u1 (4.8)
It is clear from equation (4.7) that at probing time t in a fluid of adiabatic
index γ a linear relationship is expected between fluid velocity u and distance z
from the initial boundary of the confined fluid. In the absence of bulk velocity
measurements it is not possible to exclude the possibility that the perturbations
observed in figure 4.15 travel along the jet boundary at significant phase velocity.
However it is most likely that the linear dependance reflects the sudden expansion
of jet fluid into vacuum from a high pressure reservoir. Such a reservoir is expected
beneath the nozzle z < 2mm where pressure is enhanced by the collision of in-
streaming wire material. Under this assumption the best fit gradient suggested by
figure 4.15 du/dz = 1.0 ± 0.2 × 107s−1 can be equated with the gradient suggested
by (4.7) du/dz = 2
(γ+1)∆t
. For typical jet formation times at t = 230 ± 10ns after
current start, the time elapsed before the average probing time t¯ = 333ns is ∆t =
103± 10ns. This corresponds to the rapid expansion of a fluid with adiabatic index
γ = 1–1.4 where uncertainties are added in quadrature and unphysical values γ < 1
are neglected. Such adiabatic indices are certainly expected for a highly ionised
plasma, in which indices γ < 1.2 are routinely observed in the high energy density
environment [57]
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Figure 4.16: Interfer-
ometry fringe patterns
as recorded prior to (i)
and during (ii) a coni-
cal wire jet experiment.
Note that fringes dis-
tant from the anode
plate z > 8mm are sig-
nificantly shifted from
their rest positions only
within jet material.
4.2.2.2 Jet density
The typical density expected for these tungsten jets is determined from side-on
laser interferometry images such as that shown in figure 4.16. It is clear from the
deflection of shot fringes F  1 close to the array axis that there is significant areal
density associated with the jet. Fringe shifts decrease with increasing distance from
the anode plate as expected for the outflow of high density material into vacuum.
Beyond the jet region |x| > 2mm shot fringes (ii) very closely resemble those recorded
prior to the experiment (i), consistent with the suggestion of low external density
indicated by the flow geometry observed in shadowgraphy. The diameter of the jet
region is well defined by the position of initial fringe deflection and oscillates along
the jet length. A second flow diamond is suggested by the re-expansion of material
at z > 11mm, reaching a subsidiary maxima d = 2.0 which almost equals the
d = 2.1mm maximum diameter of the primary diamond. An average jet diameter
of d¯ = 1.6mm may be defined by the diameter at points of maximum compression
and rarefaction.
Densities are extracted from fringe shifts in the usual way and the resulting areal
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density plot is shown in figure 4.17 (b) alongside a similar plot recorded immediately
after jet formation (a). Masked regions reflect destruction of the fringe pattern
where high plasma density and/or density gradients renders the target opaque to
the probing beam. Figure 4.17 (b) confirms observations made in shadowgraphy
images that the jet is formed by the convergence of high density plasma flows from
array wires which protrude above the anode plate at z < 2mm.
Decreasing density along the array axis may be quantified by axial profiles as
shown in figure 4.17 (c). Fringes are indexed relative to a distant position z ∼
20mm where zero fringe shift is observed along the array axis. The unphysical
decay to negative densities observed at z > 14mm is thus most likely to reflect
the systematic error associated with slight deflection of alignment optics between
reference and shot images as detailed in [s.3.3.2.2]. Both profiles exhibit similar
decay curves at large distance from the anode plate, with maximum areal densities
exceeding n¯el > 8 × 1017cm−2 observed at z < 10mm at t = 325ns after current
start. Taking the average d¯ = 1.6mm jet diameter this indicates jet densities in
excess of ne & 5× 1018cm−3 for axial distances z < 10mm from the anode ring.
The density increase towards small axial distances includes suggestion of a shock
feature at z = 11.8mm at t = 325ns. A similar feature is also observed at t = 240ns
at z = 6.0mm, indicating an average shock velocity D¯ = 6.8 × 104ms−1 between
the two probing times. At the average shock position z¯ = 8.9mm expression (4.6)
suggests post-shock fluid velocities u1 = 2.3× 104ms−1. The density jump expected
across such a shock is ρ1/ρ0 = 1 + u1D−u1 = 1.5 [s.2.2.2]. Although the data is far
from conclusive, it is reassuring to find that this prediction is well matched by the
experimentally observed ρ1/ρ0 ∼ 1.7 jump † at z = 11.8mm, by which position the
increasing post-shock fluid velocity is expected to raise the jump somewhat.
At t = 240ns the density decay is well approximated by a centred rarefaction
wave fit as described by expression (4.8). Selecting the upper bound for the adiabatic
index γ ≤ 1.4 suggested by figure 4.15 yields a best fit areal density of [n¯el]0 =
1018cm−2 in the high density upstream fluid. The corresponding absolute density
†Areal electron density jumps are equivalent to absolute density jumps for constant jet diameter
d and uniform ionisation state Z¯ since ρ¯ = Amin¯i = Ami n¯elZ¯d where A is the atomic number.
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Figure 4.17: Areal density plots illustrating a sixteen wire tungsten conical
wire array jet at t = 240ns (a) and t = 325ns (b) after current start. Axial
profiles (c) are shown alongside a centred rarefaction wave fit.
116 Conical and cylindrical wire array jet-ambient interactions
ne0 = 6 × 1019cm3 at average jet diameter d¯ = 1.6mm is similar in magnitude
to the highest densities previously observed in tungsten wire array jets [18]. Most
interestingly this approach yields an estimate of the jet internal Mach numberM0 =
u0/c0. For the best fit upstream sound speed c0 = 4 × 104ms−1 a Mach number
M0 = 2 is suggested at the highest velocities u0 recorded in figure 4.15. Acceleration
of material away from the anode plate serves to increase the Mach number at larger
z and this estimate is certainly a lower limit for distances z > 10mm from the
anode. Furthermore, cooling of jet material with increasing propagation distance
is expected to decrease the internal sound speed c0 ∝
√
T raising M0 still further.
Thus although M0 = 2 is notably lower than the hypersonic values recorded for the
jet tip in [18] it is not implausible for the z < 10mm region probed in this work,
and is certainly consistent with the observed hydrodynamics of an under-expanded
supersonic jet by which jet propagation is well described.
4.3 Jet-ambient Interaction Experiments
4.3.1 Experimental setup
The conical wire array jets discussed in the preceding section were interacted with
the precursor column plasma within the wide cylindrical wire arrays investigated in
section [s.4.1]. The MAGPIE current was passed simultaneously across both arrays
using the experimental setup shown in figure 4.18. Wires were located at equal
azimuthal intervals using notched alignment disks as described in previous sections.
The conical array anode disk and cylindrical array cathode disk were separated by
a set of four ∼ 3mm diameter spacing posts to ensure the conical array jet was fully
formed before entering the precursor plasma. Post lengths of 8mm were selected, in
excess of the 5mm across which the first flow diamond is expected to form along the
jet (figure 4.14).
Inter-array hardware and conical array wires were suspended from the anode
plate by three cylindrical array wires, secured to the anode disk at a set of bolt-heads
as shown in figure 4.18. This arrangement allowed the pitch angle of the inter-array
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Figure 4.18: Target section setup for conical wire array jet,
cylindrical wire array ambient interaction experiments.
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Figure 4.19: Double array target for jet-ambient interac-
tion experiments as viewed along diagnostic lines of sight.
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electrodes to be finely adjusted by independent rotation of the bolt-heads following
installation of the target in the load chamber. Remaining cylindrical array wires
were secured at the cathode disk using epoxy glue, and tensioned using lead weights
and an anode plate ‘top hat’ as in previous work. Conical array wires were tensioned
in a similar way, weighted and hung from the conical array anode disk. The pre-shot
setup is shown in figure 4.19 as it appears along the diagnostic lines of sight.
Jet-ambient interaction is expected along the array axis, within the precursor
column plasma generated by the cylindrical wire array. After installation the target
was thus carefully rotated to locate cylindrical array wires in the open-axis config-
uration, enabling unobscured imaging of the array axis. The field of view is limited
horizontally by the distance between adjacent cylindrical array wires, and an eight
wire array was selected, nearly doubling the inter-wire spacing relative to ∼ 6mm
inter-wire spacing observed in the sixteen wire arrays of section (4.1). Conical array
geometry was similar to that described in the preceding section, although the anode
diameter was reduced to 20mm. It was believed that this selection would accelerate
the jet formation process somewhat, thereby maximising the interaction time prior
to precursor column collapse in the upper array. Tungsten wires of 18µm diameter
were selected for the cylindrical array, slightly larger than the 10µm wires used in 16
wire wide array work. This selection ensured the array was sufficiently massive to
remain intact across experimentally relevant timescales. Conversely, slightly smaller
diameter 13µm wires were selected for the conical array than in previous work. Nar-
row diameter wires require less tensioning, minimising the total mass of the lower
array which must be supported from the three load bearing cylindrical array wires.
Four experiments were undertaken to assess the influence of ambient density
and jet cooling on interaction region dynamics. Ambient density was adjusted by
variation of cylindrical wire array diameter as demonstrated in section (4.1). Array
diameters of D = 37/30/27mm were selected to bear ready comparison with results
obtained above for the isolatedD = 37/30mm cylindrical arrays. A smaller diameter
D = 25mm array was also fielded, paired with an aluminium conical array of sixteen
25µm diameter wires. The cooling timescales expected for aluminium plasmas are
∼ 10 times slower than those of tungsten at equivalent densities [s.2.1.3] and the
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Figure 4.20: Orientation of imaging diagnostics for double array
jet-interaction experiments.
influence of lower cooling rate on the interaction region was investigated.
The azimuthal diagnostic suite employed during these experiments is shown in
figure 4.20. The arrangement is similar to that used in conical array work [s.4.2] with
the replacement of one XUV camera with the higher temporal resolution ∆t = 15ns
optical framing camera [s.3.2.2]. The orientation of the two laser probing beams
was adjusted such that lines of sight were orthogonal. This selection ensured the
azimuthal position of density features in the interaction region could be determined.
4.3.2 Results and discussion
4.3.2.1 Tungsten jet and tungsten ambient
The optical framing images shown in figure 4.21 (i)–(iii) illustrate the formation of
the tungsten conical wire array jet and its propagation within the precursor plasma
of the D = 37mm cylindrical wire array. Images are oriented relative to the system
axis defined by the current return posts (not shown) and scaled relative to the
known 28mm distance between anode plate and conical array anode disk. For ease
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of comparison with in vacuo jets of the previous section vertical image position z is
defined relative to the anode disk of the conical wire array.
At early times t < 170ns after the initiation of current at the target strong
optical emission is observed from superheated array wires as shown in figure 4.21
(i). Emission is also observed from electrode surfaces and the inner surface of spac-
ing posts, most likely to indicate reflected emission from the highly emissive wire
material. Although figure 4.6 indicates significant emission from cylindrical array
precursor plasma in the XUV waveband no central emission column is visible within
the cylindrical array 8 < z < 28mm at these optical wavelengths. By t = 180ns (ii)
a highly emissive jet feature is observed along the array axis between the two arrays
0 < z < 8mm. The jet has diameters d < 1.5mm and tapers to a point at z ∼ 6mm
above the conical array.
For the remainder of experimental time the jet propagates along the array axis
through the cylindrical wire array. The interaction is terminated by the collapse of
cylindrical wire array precursor plasma to small diameter at t ∼ 300ns (see figure
4.7). The fully developed interaction is shown in figure 4.21 (iii) and (iv) in optical
and XUV wavebands at t ∼ 290ns, immediately prior to precursor collapse. At this
time the jet extends to z = 18mm along the system axis, terminating in a blunt
tip of 2.0mm diameter. Between frames (ii) and (iii) the tip is observed to cover a
total ∆z = 15.9 ± 2mm where uncertainty reflects the finite δz ∼ 1mm thickness
of the tip region in both images. This distance corresponds to average tip velocity
u¯z = 1.5± 0.2× 105ms−1 which is significantly faster than the uz = 0.48× 105ms−1
(4.6) expected for the vacuum jets at the z = 14mm average tip position. It is likely
that the additional plasma density associated with the precursor column enables
the faster moving, early time ejecta from the conical wire array to attain sufficient
density to exceed the detection threshold of our imaging diagnostics.
Also striking is the constancy of the jet diameter within the cylindrical array. In
optical self-emission the jet diameter increases to a steady value of d = 2.0mm upon
entering the cylindrical array z > 8mm and this diameter is maintained across the
remaining jet length. At the higher spatial and temporal resolutions offered by the
XUV camera [s.3.2] it is clear that perturbations along the jet edges similar to those
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Figure 4.21: Evolution of a tungsten-tungsten double array with D = 37mm
diameter, eight wire cylindrical upper array as imaged in optical (i)–(iii) and
XUV (iv) wavebands. Bright emission is observed from array wires before
formation of an emissive central jet (i). Following jet formation (ii) a uniform
diameter jet is observed propagating within the cylindrical array (iii). The jet
forming array remains intact for the duration of experimental time (iv).
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Figure 4.22: Propagation of a tungsten jet into the precursor column of a
D = 30mm diameter (a) and D = 27mm diameter tungsten array. Note
the collapse of precursor plasma to small diameter is initiated in (b)(i) and
complete by the following frame (ii) but no such collapse is recorded at this
time within the D = 30mm array.
observed in vacuo are also strongly damped on entering the cylindrical array region
(iv). The presence of significant precursor plasma is confirmed in XUV emission by
extended diameter brightening around the array axis within the cylindrical array.
It is likely therefore that a significant contribution to jet density is made by radially
in-streaming plasma within the precursor column. At typical precursor diameters
dp = 8mm observed in wide array work [s.4.1] the d = 2.0mm jet diameter represents
a significant fraction of the column diameter. It is likely that decelerating wire
material still possesses considerable ur > 104ms−1 radial velocity at the jet radius.
Such radial flow must be shock decelerated at the jet edge, resulting in stabilisation
of boundary perturbations and the observed constancy of jet diameter.
The influence of decreasing cylindrical array diameter D on the structure of the
jet tip is illustrated by the D = 30mm and D = 27mm XUV self-emission images
shown in figure 4.22. Tip geometry is dramatically different from the blunt leading
edge observed in the D = 37mm array, tapering to a point at tight ∼ 15◦ opening
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angle (a)(ii). The tip covers a distance of ∆z = 4.0± 0.5mm in the ∆t = 30± 1ns
interframe time, corresponding to an average velocity u¯z = 1.3 ± 0.2 × 105ms−1.
Although consistent with the average velocity u¯z = 1.5 ± 0.2 × 105ms−1 observed
within the D = 37mm array to within uncertainty introduced by the tip length,
it is likely that streamlining of the tip and reduction in average velocity are both
consequences of higher density precursor plasma. The increase in column density
produced within smaller diameter cylindrical arrays is clearly demonstrated by the
high column emission observed in the D = 27mm array at similar experimental
times (b). Precursor collapse in the cylindrical array z > 8mm is captured in frame
(b)(i) and the tight radius column is fully formed by (b)(ii). Note also the high levels
of emission surrounding the central jet in the inter-array region 0 < z < 8mm, in
contrast to the low intensities observed for theD = 30mm jet in (a). This inter-array
plasma is accompanied by reduction of the jet diameter to d ≈ 0.7mm indicating
significant confining pressure experienced by the jet at 0 < z < 8mm i.e. prior to
entering the cylindrical array.
Contraction of the jet to small diameter is best illustrated by the areal density
plots shown in figure 4.23 for the D = 30mm and D = 27mm arrays, recovered from
laser interferometry images in the usual way. Images are scaled to high accuracy
relative to the known inter-wire spacing recorded along the line of sight prior to the
shot. The absence of a zero-plasma region within the field of view prevents reliable
identification of an unshifted fringe by which the shot and reference patterns can be
indexed in the same manner (see section [s.3.3.2.2]). Thus there may be a systematic
shift of ±m4.2 × 1017cm−2 where m is integer. The nel ∼ 0.4 × 1018cm−2 on-axis
areal densities recorded in the D = 30mm array return similar absolute density
ne = 0.4×1018cm−3 to that observed in end-on probing when divided by the average
∼ 1cm column diameter observed in the isolated D = 30mm array (figure 4.9). A
fringe shift of +2FS is assumed for the D = 27mm jet below which column areal
densities fall short of D = 30mm values, in contradiction to XUV emission data
shown in figure 4.22. However, although quantitative results must be treated with
caution, the qualitative picture remains unchanged.
Both tips are imaged at similar experimental times, after entering the cylindrical
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Figure 4.23: Areal density plots across the interaction region within a D =
30mm (a) and D = 27mm (b) cylindrical wire array. Profiles generated along
the jet axes are included in (c).
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array at z = 8mm from the conical array anode. The jet enters the D = 30mm
array with d = 1.30mm diameter at z = 10mm and contracts steadily reaching
d = 0.78mm by z = 14mm. The jet is surrounded by low density precursor column
plasma, recorded at the n¯el ∼ 0.5× 1018cm−2 level. Further contraction is observed
across the following ∆z ∼ 4mm and jet diameter reaches a minimum of d = 0.3mm
at z = 17.7mm immediately prior to the tip. The average opening angle across
the region is 7.4◦. Uncertainties in distance measurements introduced by the finite
width of the jet edges are below the 5% level, introducing a 7% random error to
angular measurements.
The situation is dramatically different in the D = 27mm cylindrical array shown
in figure 4.23 (b). A collapsing precursor column is observed above the jet posi-
tion 12 < z < 20mm, reaching maximum areal densities n¯el > 1018cm−2. The
column exhibits a notable clockwise tilt centred about average horizontal position
x¯ = −0.5mm. Such tilting is not unusual in cylindrical wire array precursors when
the four MAGPIE Marx banks discharge at slightly different times [s3.1.1]. High
density in-streaming plasma from array wires increases the areal densities observed
at r . 1mm placing a lower limit on column diameter d & 2mm. The high den-
sity jet is observed entering the column at the anode disk z = 0 and extending to
z ∼ 12mm at the t = 250ns probing time. The jet diameter d = 0.27mm is now
considerably smaller than the d = 1.30mm recorded in the D = 30mm array and
reaches a minimum d = 0.18mm prior to the jet tip at z = 11.6mm.
The areal density jumps recorded across the leading edge of both jets are illus-
trated by the profiles shown in figure 4.23 (c). Both profiles are taken along the axis
of symmetry of the jets, as marked in figures 4.23 (a) and (b) for the D = 30mm
and D = 27mm arrays respectively. The arrival of the jet in the D = 27mm am-
bient results in an increase in areal density which remains fairly steady within the
jet region. In contrast, the leading edge of the shock imaged in the D = 30mm
cylindrical array is followed by an additional significant increase in density over the
first 2mm of the jet tip. This maxima is followed by subsequent reduction in areal
density further along the jet.
There is no reason to suspect ambient plasma pressure changes significantly with
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axial distance within the cylindrical array. It appears therefore that the contraction
of the jet to small diameter is driven by a reduction in internal pressure. Such a re-
duction is expected where radiative cooling removes significant thermal energy from
the jet and it is likely that such cooling is responsible for the decreasing diameter
of the D = 30mm jet along its propagation length. Ultimately such loss of thermal
pressure will return a uniform narrow diameter and high density jet similar to that
observed in the higher density ambient of the D = 27mm array. The squared de-
pendency of cooling power on electron density (2.13) is consistent with the earlier
jet contraction time and smaller average diameter observed in the higher density
ambient medium.
4.3.2.2 Aluminium jet and tungsten ambient
Although it is clear that increasing ambient plasma density reduces jet diameter and
velocity there is a notable absence of structure in the shock features formed around
the tip of tungsten jets within a tungsten ambient plasma. Indeed the flow dia-
monds expected for supsersonic jet propagation observed in vacuo in section [s.4.2]
appear suppressed by the presence of an ambient, and we observed no attached or
detached shocks at the jet tip (see [s.2.3.3]). Radiative cooling may be responsible
for the contraction of the jet to small diameter and it is possible that similar ef-
fects inhibit the formation of other flow features. In order to test this hypothesis
tungsten conical array wires were replaced by aluminium wires and the experiment
repeated. A D = 25mm tungsten array was selected for the ambient forming array,
to ensure sufficiently high ambient density at the interaction time for its influence
to be pronounced.
The jet-ambient interaction was captured by XUV self-emission images as shown
in figure 4.24. At early times t < 170ns the inter-array region 0 < z < 8mm
is filled by plasma from both cylindrical and conical arrays as shown in (i). As
observed in vacuum no on-axis jet is observed at these early times. In contrast to the
d¯ = 1.6mm diameter tungsten jets the fully formed aluminium jet (iii) is significantly
broader with average diameter d¯ = 2.6 ± 0.3mm where the 10% uncertainty is
introduced by scaling relative to emissive surfaces as described in section 4.1.2.1.
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Figure 4.24: XUV self-emission images illustrating the formation (i) and propa-
gation (ii)–(iii) of an aluminium jet into the precursor column of a D = 25mm
tungsten array. By t = 230ns ambient plasma within the cylindrical array
z > 0mm has collapsed to form a brightly emitting, small diameter central
column (iii).
The tip is considerably more blunt than observed for tungsten jets, with opening
angle ∼ 60◦ observed at t = 230ns after current start. Note that shocked material
along the contact surface between jet and ambient material emits more strongly
than surrounding material, as expected for higher density post-shock material.
The jet propagation velocity is also dramatically reduced relative to the 1–
1.5×105ms−1 tip velocities observed in tungsten jet-ambient experiments. The lead-
ing emission edge of the tip moves a total ∆z = 1.0 ± 0.15mm over the ∆t = 30ns
interframe time between frames (ii) and (iii), corresponding to an average velocity
of uz = 3.3± 0.5× 104ms−1. The relatively large uncertainly reflects the 10% error
associated with all XUV self-emission distance measurements due to image scaling.
Nonetheless it is clear that the contact discontinuity between alumninium and tung-
sten plasmas moves over four times slower than the tungsten-tungsten jet tips. This
reduction may in part be attributed to the higher ambient densities due to the nar-
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Figure 4.25: Interferometry fringes recorded before (i) and during (ii) the in-
teraction of an alumninium jet and precursor plasma of a D = 25mm tungsten
wire array. The areal density distribution responsible for the shot fringe pat-
tern is shown in (c).
rower D = 25mm cylindrical array. However, it is most likely that the broadening
of the jet is a significant factor also - considerably reducing the ram pressure per
unit area carried into the discontinuity from the jet forming array.
This hypothesis is supported by interferometry data presented in figure 4.25. It
is clear from the areal density plot (b) that a high density plug is accumulated at
the jet tip across the full jet diameter. Note that this plot also demonstrates the
first suggestion of broadening of the tip to diameters larger than the jet width. A
moderate increase from d = 1.2mm to d = 2.5mm is observed between z = 4mm
and z = 6mm as material enters the higher density tip. The consistency of the
larger diameter with the d = 2.6 ± 0.3mm jet width observed in XUV emission
suggests that, in contrast to the uniform high density jet fluid observed in tungsten
jets, XUV emission is now generated by low density, high temperature post-shock
ambient material surrounding a central, small diameter core of high density jet
material. It seems likely that this high temperature sheath is responsible for blunting
of the jet tip and subsequent reduction in propagation velocity. The absence of
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an analogous feature in tungsten-tungsten interactions can be attributed to the
immediate collapse of post shock material to high density under the higher radiative
cooling rates associated with tungsten plasmas.
4.4 Summary
Over the course of this chapter we have demonstrated the use of the precursor plasma
column of a cylindrical wire array as an ambient medium for jet-ambient interaction
studies. The precursor has been characterised for large diameter cylindrical tungsten
wire arrays of d = 10µm wire diameter whose width exceeds their axial length
D > l = 20mm. XUV emission intensity along the array axis is observed to increase
with time, consistent with the accumulation of additional density within the column.
Column diameters upto dp < 9mm are observed in the widest D = 37mm array,
significantly larger than typical dp ∼ 4mmmaximum diameters observed in standard
(D, l) = (16, 20)mm tungsten arrays [53] [83]. The column is found to collapse
rapidly to small diameter within the ∆t = 30ns temporal resolution of our imaging
diagnostics. The collapse times for arrays 25 ≤ D ≤ 37mm are found to increase
at larger array diameters and the relationship is well described by a linear fit (4.4).
A rocket model fit (4.2)–(4.3) is also consistent with wide array data for a constant
ablation velocity uA = 1.5×105ms−1 though this model over-predicts collapse times
in control D = 16mm arrays fielded with similar target section hardware. An
average column density n¯e ∼ 4.0 × 1017cm−3 is observed across the D = 30mm
column immediately prior to the collapse time. Column electron density is observed
to increase linearly with decreasing radius, and such a density gradient is suggestive
of gradual deceleration of inflowing wire material approaching the array axis.
The dynamics of (D, d, l) = (26, 12, 12)mm sixteen wire tungsten conical wire
arrays are demonstrated in section [s.4.2]. Formation of a small diameter d < 1mm
high density axial jet is observed at t ≈ 240ns into the current drive. The propa-
gation of this jet into vacuum demonstrates the flow diamond geometry expected
for a supersonic jet ejected into a lower pressure medium, with an average radius
d¯ = 1.6mm recorded for the fully formed jet at t = 325ns. The formation of peri-
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odic oscillation of the jet edges is observed at t > 270ns with wavelengths ∼ 2mm
at z ∼ 6mm from the wire array anode. The velocity of these flow features is
observed to increase with axial distance z, reaching a maximum recorded value of
u = 7.9× 104ms−1 at z = 8.8mm. Velocity distribution conforms well to a linear fit
(4.6) within the natural variability of perturbation velocities and differences in peak
machine current. Jet density at each observation time is found to decrease with
axial distance z, with increasing density observed at each position at later times.
The decay curve is well described by a centred rarefaction wave fit, and such an ex-
pansion wave is expected for the sudden axial expansion of confined jet material into
vacuum. Best fit parameters suggest maximum electron densities ne0 = 6×1019cm−3
and upstream sound speed c0 = 4 × 104ms−1, corresponding to jet internal Mach
number M0 ≈ 2 for flow feature velocities recorded at z = 10mm from the conical
array anode.
The propagation of similar conical wire array jets into the precursor plasma
column of a cylindrical wire array is found to influence tip velocity and structure.
Reduction in cylindrical wire array diameter from D = 37mm to D = 30mm is found
to decrease the tip propagation velocity from uz = 1.5±0.2×105ms−1 to uz = 1.3±
0.2×105ms−1. More dramatic reduction in tip velocity to uz = 3.3±0.5×104ms−1 is
observed for aluminium jets propagating towards a D = 25mm tungsten precursor
column. Increasing ambient density is observed to trigger collapse of tungsten jets
to small diameter, with d¯ = 0.8mm and d¯ = 0.2mm average diameters recoded
across the jet length within D = 30mm and D = 27mm diameter cylindrical arrays
respectively.
The propagation of the aluminium jet provides the first evidence of the attached
oblique shock features expected for a jet tip driving through an ambient plasma.
In contrast to tungsten-tungsten interactions the d = 1.2mm jet diameter observed
in density plots is significantly smaller than the d = 2.6mm diameter recorded at
similar experimental times in XUV self-emission. It is likely that the larger self-
emission diameter reflects the formation of a sheath of post-shock ambient plasma
within which the jet core is confined. No such structure is observed in tungsten-
tungsten interactions and it is likely that enhanced radiative cooling rapidly reduces
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the internal thermal pressure at the tip, driving immediate collapse of post-shock
ambient plasma to densities similar to that of the jet.
Expected Mach angle oblique shocks around the propagating tip are absent in
both tungsten and aluminium jet experiments suggesting some suppression due to
precursor column properties. We conclude that precursor column plasma maintains
dynamically significant radial velocity until very small radius due to the convergence
of in-streaming plasma ablating from array wires. This hypothesis is supported by
the linear increase in column density to small radius r < 0.5mm and the formation
of normal shocks perpendicular to the jet propagation direction (figure 4.21 (iii)).
Indeed, the only position at which there is any suggestion of oblique shocking at the
jet tip occurs within the inter-array region where precursor plasma is expected to
approach the oncoming jet with significant axial velocity. In the following chapter
therefore the ambient forming array will be exchanged for a radial foil, known to
produce strongly axial outflows.
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Chapter 5
Conical Wire Array Jet and Radial
Foil Ambient Interaction
Experiments
Despite some success in investigating the influence of jet dynamics within the pre-
cursor column of a cylindrical wire array, we have shown in the preceding chapter
that the double array target design suffers from two notable limitations as a plat-
form for the study of astrophysical jet-ambient interactions. Most significantly, it
appears that the cylindrical array precursor column ambient medium carries signifi-
cant radially directed momentum into the interaction region. It is unlikely therefore
that the cylindrical array target can provide a sufficiently uniform, stationary ambi-
ent plasma for scaled study of astrophysical jet-ambient interactions. Secondly, use
of a wire array target in the ambient forming region limits the experimental field
of view between array wires, and across the array cathode disk. Thus the range
of self-emission diagnostics is limited and interferometry fringes cannot be reliably
indexed relative to a zero-shift region.
In this chapter we investigate an adapted experimental configuration in which
the diagnostic field of view is increased and the radial component of ambient plasma
flow significantly reduced. This configuration is achieved by replacing the ambient
forming array with a horizontal thin foil at the upper surface of the target region
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Figure 5.1: Jet-ambient interaction generated by the series discharge of conical
wire array and radial foil z-pinch targets. Ablating wire material generates
a collimated on-axis jet which propagates towards the jet and halo plasma
ablated from the foil.
as illustrated in figure 5.1. Heating of the foil under the (1.4MA, 240ns) MAGPIE
current drives ablating plasma into the target region under a combination of thermal
pressure and Lorentz forces due to the induced magnetic field.
The plasma outflows of thin ∼ 10µm, r = 20mm foils under z-pinch current
have been extensively studied [17] [21] [86]. It is found that the ablation processes
drive an on-axis jet of higher density material, surrounded by a lower density halo
plasma travelling at similar velocity. Although simulations suggest some degree of
magnetic pressure contributes to collimation of material along the jet axis [21] it
is believed that thermal and ram pressure forces dominate until the foil surface is
ruptured [87]. The region of influence of the halo plasma extends to radii r > 10mm
from the system axis and the jet plasma remains highly emissive in optical and
XUV wavebands for z > 10mm above the foil surface. The radial foil configuration
is thus expected to drive an ample volume of ambient plasma for interaction with
the conical wire array jets of section [s.4.2], without requirement for array wires
135
380ns 410ns
a)  m = 0 instabilities b)  m = 1 instabilities
10mm 10mm
Figure 5.2: Magneto-hydrodynamic instabilities introduced by passage
of significant machine current along a tungsten conical wire array jet.
Both ‘sausage’ m = 0 (a) and ‘kink’ m = 1 (b) modes are observed when
insufficient spacing posts are applied between series targets.
across the target region.
The diagnostic field of the jet interaction target shown in 5.1 is constrained only
by spacing posts connecting wire array and radial foil in series. A sufficient number
of posts is required to ensure no dynamically significant current passes along the
array axis through target plasma. More numerous posts lower the total inductance
of the target until the net impedance presented by spacing posts is significantly
smaller than that of the on-axis current path. It is found in preliminary work that a
set of four evenly spaced d = 5mm posts at r = 31.5mm results in the introduction of
significant m = 0 and m = 1 magnetohydrodynamic instabilities in both aluminium
and tungsten jets, as illustrated in figure 5.2. We therefore choose a set of 8 identical
posts, leaving distance ∆x = 19.1mm in the imaging plane between each pair.
Conical wire array parameters remain unchanged from those investigated in dou-
ble array jet-ambient interactions [s.4.3] allowing direct assessment of the role of
ambient medium geometry on the interaction structure. Aluminium is selected for
the ambient forming foil due to its ready availability and the extent of previous
work using this material. We therefore expect significantly lower radiative cooling
rates within the ambient medium than in previous experiments using tungsten am-
bient plasmas. As before jet cooling rate will be varied by the use of tungsten and
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Figure 5.3: Target section setup for radial foil characterisation experiments.
aluminium array wires for strongly and weakly cooled jets respectively.
5.1 Radial Foil Characterisation Experiments
5.1.1 Experimental setup
Before addition of a jet forming array we proceed by experimentally constraining
the properties of the ambient medium generated by a radial foil under the MAGPIE
current. In particular the density of foil plasmas and their axial flow velocities were
investigated. The experimental setup used in this experiment in shown in figure 5.3.
A 14µm thickness D = 40mm diameter foil was tensioned between two clamping
disks and fitted concentrically into the anode plate. Current was delivered to the
centre of the foil along a d = 6.35± 0.02mm steel cathode, positioned slightly proud
of the clamping disks to ensure firm electrical contact with the foil.
As in previous work emission from the foil was observed at ∆t = 30ns intervals
5.1 Radial Foil Characterisation Experiments 137
XUVA
framing
camera
Optical
framing
camera
532nm
laser probe
532nm
Thomson 
scattering
Focal 
planes
Foil
Foil 
clamp
-45°
180°
135°
-22.5°
θ
NO
Figure 5.4: Orientation of azimuthal imaging diagnostics for radial foil char-
acterisation experiments.
using fast framing XUV cameras oriented as shown in figure 5.4. Optical emission
was recorded over 12 frames at ∆t = 40ns intervals, enabling imaging across a total
440ns of experimental time. As before side-on 532nm laser interferometry was used
to capture spatially resolved density distribution. A t = 400ns after current start
probing time was selected, at which time the jet is expected to be fully formed. A
532nm Thomson scattering probe [s.3.3.3] was introduced from above along the foil
axis. Scattered light was collected using a 7x200µm diameter fibre bundle oriented
perpendicular to the probing beam as shown in figure 5.3. The radial component
of fluid velocity vanishes along the array axis and scattered wavelength may thus
be related to fluid velocity according to expression (3.46) with ξ = 45◦. Each fibre
was transferred to the input slit of an ANDOR SR500 spectrometer. In order to
minimise stray light entering collection fibres the probing laser was dumped into a
darkened cavity using a hollow cathode tube.
An f = 75mm focal length lens was selected for the collection optic, providing
a system magnification of M = 0.22 between fibre bundle and the array axis. The
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seven fibres were oriented vertically and spaced at ∆z = 490µm intervals to within
10% precision. Thus the seven probing volumes were separated by 2.2±0.2mm
intervals along the probing beam. In this arrangement the 200µm fibre diameter
resulted in a d ∼ 1mm diameter probing area. The laser was delivered to the target
region at t = 400ns after current start, at the same time as the azimuthal diagnostic
laser, in order to record density and velocity distributions simultaneously. Beam
alignment was conducted immediately prior to the shot by observation of scattered
light from the target region due to illumination of the foil or inner surface of the
cathode tube. The beam angle was carefully adjusted to minimise such effects,
ensuring the beam passed entirely within the cathode tube. The tube inner diameter
was d = 4.0mm and the beam halo was visible to diameters greater than 2mm. Thus
this technique placed the beam along the array axis to within r < 1mm.
5.1.2 Results and discussion
The arrival of current at the foil drives the formation of a high density on-axis jet
surrounded by lower density halo plasma as detailed in [21] [86]. Jet material is
confined by inflowing material behind a conical shock which steadily increases in
diameter over the experimental time. The shock front is highly stable across the
duration of the experiment and the jet persists until the latest t > 600ns observation
times. The fully formed jet is well approximated by a nozzle and centred rarefaction
wave model for a sudden axial expansion with adiabatic index γ = 1.3 ± 0.1 along
the jet axis. Data presented below is taken from a typical shot, with (Imax, trise) =
(1.3MA, 245ns) current pulse and the results are highly repeatable between shots.
Note that the low target inductance associated with the radial foil setup results
in currents very close to the nominal (1.4MA,240ns) expected for the MAGPIE
generator under short circuit load.
5.1.2.1 Outflow evolution and density distribution
The formation and evolution of jet and halo plasmas is recorded in optical self-
emission as shown in figure 5.5 (a). By t = 202ns a horizontal region of high
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intensity emission is observed immediately above the cathode post rest position.
Immediately beneath this bright rim a band of low emission is observed followed by
an intermediate intensity region. This secondary brightness corresponds to emission
from the strongly heated cathode tube attenuated by the presence of foil material
in the line of sight. Images can thus be scaled relative to the known d = 6.35mm
diameter of the tube, to 10% accuracy limited by the potential 0.5mm thickness
of surface plasma. The ∆z ∼ 1mm opaque region centred at the foil rest position
is significantly thicker than the initial 14µm foil thickness, reflecting expansion of
the foil during melting and vaporisation, similar to the expansion of ablating wires
observed in the preceding chapter. At this time there is no evidence of an on-axis
jet and no significant emission is observed at distance from the foil, suggesting low
plasma density in the outflow region.
By t= 282ns a distinct region of high emission intensity is formed along the z-axis
which expands and brightens with increasing experimental time. Emission intensity
becomes noticeably brighter in this on-axis region (1) and is separated from halo
plasma (2) by a jet shock of abrupt intensity increase as shown at t = 442ns. The
shock front is linear in the (x, z) plane, symmetrical about the array axis and remains
stable for the duration of the experiment. The shock opening angle θ¯ = 8.3 ± 0.3◦
is found to be steady in time within experimental uncertainty, as illustrated in
figure 5.5 (c). This steady inclination angle to the flow indicates a constant angle
of flow deflection across the shock as described in section [s.2.3.1]. Such deflection
is expected for the formation of a jet due to inflowing plasma around the jet base
z . 4mm and ejection of post-shock material along the array axis. The jet diameter
sampled at z = 4mm above the foil is observed to increase linearly with time as
shown in figure 5.5 (b). Accuracy is limited by the finite 0.4mm thickness across
which emission intensity changes noticeably. Such a trend indicates constant shock
velocity |u¯x| = 2.8kms−1 and thus steady accumulation of material behind the shock.
At each imaging time emission intensity along the jet axis decreases with increasing
distance from the foil position, reflecting some combination of decreasing material
density and temperature with increasing z. However it is clear from figure 5.5 (a)
that both jet and foil plasmas move steadily away from the foil throughout the
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Figure 5.5: The time evolution of radial foil outflow plasma. Optical self-
emission imaging captures formation and propagation of the central flow (a),
enabling measurement of jet diameter (b) and full opening angle (c) over the
experimental time.
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Figure 5.6: Interferometry fringe pattern prior to (a) and during (b) delivery
of the MAGPIE current to a D = 40mm diameter aluminium radial foil.
experimental time.
Density distribution across the foil can be extracted from the fringe deflections
of an interferometery fringe pattern as described in section 3.3.2. Fringe patterns
recorded before the shot and at t = 447ns into the current drive are shown in figure
5.6. The fringe pattern at large distance from the foil axis closely resembles that of
the pre-shot image. Towards the array axis fringes are increasingly deflected indicat-
ing the presence of significant halo plasma, and at the jet shock an abrupt change in
deflection is observed. Within the jet material deflection changes gradually, reflect-
ing monotonically increasing density towards the jet axis. Immediately above the
cathode tube deflections are pronounced and adjacent to the foil material becomes
opaque to the probing beam. This effect is most likely driven by a combination of
beam attenuation in the high density material and refraction of the beam beyond
the diameter of collection optics by high density gradients as detailed in section
[s.3.3.1].
Applying the MATLAB routine [s.3.3.2.2] to the fringe patterns of figure 5.6
returns the areal electron density plot shown in figure 5.8 (a). Images are scaled to
better than 2% accuracy against the 40mm foil diameter recorded in the pre-shot
images. An extended region of areal density is observed within |x| < 6mm of the foil
axis region above the cathode post, with highest values recorded within a central
jet centred close to the array axis. The increase in areal density is well illustrated
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by horizontal profiles taken at ∆z = 2mm intervals along the jet length (b). At
all five positions along the jet length areal density is observed to decrease from a
central maxima close to the array axis to low value at large horizontal distance from
the array axis x. The central peaks reflect additional density due to the presence
of the on-axis jet and fall rapidly over the first |x| < 2mm from the foil axis, with
average position x¯ = 0.14± 0.13mm and full width ∆x = 3.9± 0.3mm. Uncertainty
is estimated by the standard deviation of turning point positions identified in each
of the five profiles. The central jet is thus centred about x = 0.14mm, with diameter
steady at d = 3.9 ± 0.3mm along its propagation length for 8 < z < 16mm. Areal
densities are observed to decrease steadily across this distance as expected for the
outflow of high density plasma into vacuum.
Unphysical negative areal densities are observed at large distances |x| > 12mm
from the foil axis. An approximately linear decrease is observed, suggesting the
presence of systematic error due to tilting of alignment mirrors between shot and
reference imaging times [s.3.3.2.2]. This hypothesis is supported by the asymmetry
of central peaks which also exhibits higher areal densities towards positive x. Sub-
traction of a linear density gradient d[nel]/dx = 4.1× 1016cm−2mm−1 centred about
the foil axis is found to restore symmetry to the outer |x| > 8mm as shown in figure
5.7 (c). This correction enables changes in areal density to be determined reliably
along horizontal profiles. However it is not possible to exclude the possibility of
uniform density shift across the field of view. Experimental symmetry suggests all
horizontal profiles should approach zero density at sufficient distance from the foil
axis. It is therefore most probable that the steady value n¯el = 0.4± 0.1× 1018cm−2
to which the profiles of figure 5.7 (c) converge is also a consequence of unintentional
mirror tilt.
The recovery of accurate areal density changes in figure 5.7 (c) following the
removal of linear systematics enables absolute densities to be determined across
each axial position z using the inverse Abel transform. The transform determines
absolute density ne at radial positions r about a cylindrically symmetric object for
which the areal density gradients d[n¯el]/dx have been determined. The operation of
the transform is discussed in section [s.3.3.2.3] and restated below (5.1).
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ne(r, θ, z) = − 1
pi
∫ ∞
r
d[n¯el(x, z)]
dx
1√
x2 − r2dx (5.1)
Figure 5.7 (c) strongly suggests cylindrical symmetry about the position of peak
density. The (r, z) density plots produced by a transform of the region r < 7mm
about the average peak position x¯ = 0.14mm (hereafter the jet axis) are shown in
figure 5.8 alongside horizontal profiles taken at ∆z = 2mm intervals across 8 < z <
16mm. Truncation of the integral for computational convenience results in neglect
of density sampled at larger probing radii at each radial position. Thus reducing
the field of view sampled by the transform results in under-prediction of the total
density at each position. However, since the true areal densities above the foil are
expected to tend to zero for radii r > 7mm this selection should produce reliable
density information across the sample region.
The transform is applied at azimuthal angles θ = 0 and θ = pi (i.e. for the left
and right half spaces) by application of a MATLAB routine (see Appendix C) to
positive and negative x half spaces. This double transform provides some estimate
of systematic error introduced by selection of symmetry axis. As demonstrated in
section [s.3.3.2.3] the reliability of densities recovered by Abel inversion also depends
upon the uncertainty in symmetry axis location dX and the spatial resolution dx of
areal density data provided to the transform routine. The fractional error introduced
to density results is given by expression (3.34) restated below.
∆ne
ne
=
dxdX
(x+ dx)2 − x2 (5.2)
For our areal density data the finite width of CCD elements across the digital SLR
detector plate limits spatial resolution to dx = 0.01mm and the standard deviation
observed in axial position suggests an uncertainty in axial position of dX = 0.13mm.
Thus for x < 1mm the percentage error introduced by the transform procedure alone
exceeds 10% and rapidly rises towards the jet axis. It is clear therefore that the high
degree of asymmetry observed in figure 5.8 (b) within 1mm of the jet axis is not to
be taken seriously. At larger radii however both θ = 0 and θ = pi plots recover very
similar form at each horizontal position sampled in figure 5.8 (b) as expected for a
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Figure 5.8: Electron density ne(r, θ, z) (a) and horizontal profiles (b) across a
radial foil outflow. Densities are generated by the inverse Abel transform of
areal density data over the two half-spaces defined by by the jet axis r = 0.
cylindrically symmetric central jet.
The decrease in density with distance from the foil is also recorded consistently,
with ne ≈ 2.2×1018cm−3 observed at z = 10mm from the foil. It is interesting to note
that this value is significantly lower than the ne ≈ 5×1018cm−3 observed at the same
distance above the anode plate in the tungsten conical wire array jets propagated into
vacuum [s.4.2]. The average jet diameter of d¯ = 1.6mm observed in in vacuo conical
wire array jets is over two times smaller than the steady d = 3.9mm aluminium jets
observed here, suggesting that this increase in density is driven primarily by collapse
of the jet to small diameter. Such collapse is certainly reasonable under the faster
reduction of internal thermal pressure expected for tungsten wire array jets due to
stronger radiative cooling.
Before considering fluid velocity it is interesting to note that the more pronounced
θ = pi density jumps between jet and halo plasma are no larger than the ne1/ne0 =
3.97 observed at z = 8mm. If this shock is strong then an average fluid adiabatic
index γ = 1.67 is indicated by the shock jump condition (2.31) restated below
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[s.2.2.2]. The strong shock limit represents the limit of highest adiabatic index
and this value must therefore be treated as an upper limit. However, it is not
unreasonable to find that an ideal monatomic gas adiabatic index γ = 5/3 = 1.67 is
an appropriate description of high density fully ionised aluminium plasma at the jet
base. It is only when densities become sufficiently rarefied for additional ionisation
to be favoured by high statistical weight [38] that the ionisational degrees of freedom
are expected to significantly reduce the adiabatic index.
ρ1
ρ0
=
γ + 1
γ − 1 (5.3)
At larger distances from the foil surface density jumps weaken, until at z < 12mm
pre-shock density can no longer be reliably identified from the δne ∼ 1× 1017cm−3
random fluctuation of the signal about its ne ∼ 1 × 1017cm−3 low value. The
decrease in density jump is excellent news for the application of radial foil outflow
plasma as an ambient medium for jet-ambient interaction experiments. Although
it is clear from figure 5.8 that the central r < 2mm region of a radial foil outflow
will always carry significantly higher flow density into the interaction region, the
density contrast between jet and halo plasma is nowhere greater than a factor of
four. Furthermore until relatively large axial distances z > 12mm halo plasma
densities exceed ne > 1 × 1017cm−3 to large radii r > 6mm. Even at these modest
densities jet dynamics have been shown in chapter [c.4] to be significantly influenced
by the ambient medium. We can therefore expect a radial foil to provide an outflow
region of diameter D ∼ 6mm in which there is sufficiently high density to act as an
ambient plasma target for the d ∼ 2mm conical wire array jets characterised in the
preceding chapter.
5.1.2.2 Flow velocity and temperature
To complete our characterisation of the radial foil outflow as a source of counter-
streaming ambient plasma it was necessary to determine typical axial flow velocities.
These velocities were determined by the Doppler shifting of a λ0 = 532nm, ∼GW
probing laser scattered from fluid along the foil axis. Scattered light was collected by
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Figure 5.9: Thomson scattering collection optics image seven d ∼ 1mm probing
areas along the jet axis (a), recording seven independent spectra (b) at the
spectrometer CCD.
a vertical array of seven d = 0.2mm diameter optical fibres under the experimental
conditions described in section [s.5.1.1].
Alignment of collection optics was achieved immediately prior to each shot using
scattered light from the probing laser operated at low intensity. Observation fibres
were focused along the array axis by collection of scattered light from an alignment
pin translated along the axis. The pin diameter was d = 0.2mm and a brightness
maximum was observed when the pin was centred within the probing area. This
position could be reproduced by eye to δz = ±0.2mm accuracy. Probing positions
are indicated in figure 5.9 (a) with respect to the self-emission recorded at the laser
probing time. The jet is fully formed at this time with falling optical emission
intensity indicating decreasing density at larger axial distances z from the foil. The
d ∼ 1mm probing diameter of collection fibres is indicated and it is clear that
scattered light is collected across a significant fraction of the central jet.
148 Conical wire array jet and radial foil interactions
During the shot a combination of scattered light and self-emission was observed
at each of the probing positions as shown in figure 5.9 (b). Scattered light is recorded
as a set of bright central maxima which appear blue shifted from the mean wave-
length λ¯ = 531.7nm recoded prior to the shot. This value differs slightly from the
expected λ0 = 532.0nm wavelength of the probing laser indicating slight misalign-
ment of the spectrometer from the position of ideal calibration. However changes
in wavelength ∆λ are returned reliably, depending only on the spectrometer focal
length and line spacing ∗ [88]. The brightness of scattering maxima decreases with
increasing distance from the foil, as expected for the falling density along the jet
length observed in the preceding section. Signal to noise ratio is dramatically re-
duced at larger axial distances z > 17mm where scattering signal barely exceeds the
spectrometer dark count.
Light entering each observation fibre is spread across ∼ 10px along the vertical
axis of the spectrometer CCD due to the finite fibre width and internal dispersion
across the spectrometer. The scattered signal to noise ratio can thus be maximised
by averaging across each scattering maxima at each wavelength λ. After subtraction
of the background intensity and normalisation signals appear as shown in figure 5.10
(a). All seven scattered signals are well approximated by gaussian fits, as expected
for scattering in the collective regime from a thermal population of ions for which ion
thermal pressure significantly exceeds that due to electrons Ti > ZTe [s.3.3.3.1]. Such
temperature imbalance is not unlikely for the radial foil geometry in which current
free quasi-neutral plasma is ejected from the foil surface. Under these conditions
electron and ion populations are bound ve ∼ vi and hence excess ion temperature
Ti =
1
2kB
miv
2
i is expected Ti/Te ∼ mi/me due to the large ion mass. A subsidiary
maxima is observed at the unshifted laser wavelength in fibres (5)–(7), at largest
distances from the foil. It is most likely this signal reflects stray light reflected from
the target hardware entering the collection optics which rises in influence as the
signal to noise ratio falls.
De-convolution of gaussian fits from the pre-shot fit (see [s.3.3.3.3]) enables ex-
∗Recall the diffraction grating relation d sin θ = mλ where θ is the diffracted angle at which
interference maxima of order m are observed from a grating of line spacing d
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Figure 5.10: Normalised scattering spectra (a) observed along the axis of an
aluminium radial foil at t = 442ns into the current pulse. Spectra are fitted
with gaussian curves from which scatterer velocity (b) and temperature (c) may
be determined. Gaussian spectra observed in the collective scattering regime
indicate thermal broadening due to shielded ion scatterers with Ti  ZTe.
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traction of ion temperature Ti and fluid velocity u from the characteristic width σ
and Doppler shifting of the mean wavelength ∆λ¯. The relevant expressions (3.40)
and (3.46) are restated below for our perpendicular scattering angle assuming purely
axial flow:
Ti =
mi
kB
(
σ c
λ0
)2
(5.4)
u =
∆λ c
λ0
(5.5)
The relevant ion mass is given by mAl = 27.0u, the laser probing wavelength λ0 =
532.0nm is specified to high accuracy by the second harmonic of the Nd:YAG probing
laser [89] and c is the speed of light. The gaussian full width at half maximum
(FWHM) is related to the characteristic width by σ = FWHM/2.355 but it must
be stressed that the appropriate σ for inclusion in (5.4) follows from deconvolution
of shot σS and pre-shot σ0 widths according to σ =
√
σ2S − σ20 (see (3.49)).
Velocity and ion temperature measurements determined in this way are plotted
in figures 5.10 (b) and (c). Accounting for the δ[∆λ] = ±0.02nm uncertainty intro-
duced wavelength shifts measured at the δλ = 0.01nm spectral resolution introduces
percentage errors of 40% at the smallest ∆λ = 0.5nm shifts. Increasing wavelength
shift at larger distance from the foil reduces this uncertainty to the 20% level by
fibre (4) at z = 16mm from the foil. However, the reduction in signal to noise ratio
and secondary maxima observed in higher number fibres increases uncertainties at
larger distance from the foil. Similar dependencies are introduced to temperature
measurements due to the ∆σ = 0.02 uncertainty in spectral width measurements,
though the squared dependancy of (5.4) doubles fractional errors and temperature
measurements are generally less well constrained than velocity measurements.
A linear increase in fluid velocity u is observed with increasing distance z from
the foil as expected for the unconfined expansion of material into vacuum. The
relationship is well described by the linear fit included below (5.6) with all seven
probing positions falling on-trend to within experimental uncertainty. Such a linear
velocity distance profile is characteristic of a centred rarefaction wave generated by
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sudden one dimensional expansion of a gaseous fluid into a lower pressure medium.
It is likely therefore that, as in the case of the conical wire array jets, the jet flow is
a product of rapid expansion of high density fluid behind jet shocks close to the foil
surface into the vacuum above.
u (/ms−1) = 2.76× 106 z (/m) + 7.47× 103 (5.6)
Ion temperature remains stable to within experimental uncertainty at T¯i =
143 ± 13eV for z < 17mm where uncertainty is given by error in the mean value
of the first five most reliable spectra. The consistency suggests the jet plasma is
adiabatic on experimentally relevant timescales as expected for the lower cooling
rate associated with aluminium plasmas. The reduction in temperature in fibre (6)
at z = 21mm from the foil is attributed to the high degree of experimental uncer-
tainty associated with determining an accurate spectral width in the presence of the
subsidiary maxima at the probing wavelength. The Ti = 143eV ion temperature
corresponds to ion thermal velocity vi =
√
2kBTi/mi = 2.7 × 103ms−1 which is an
appreciable but not unreasonable fraction of the u > 3×104ms−1 axial ion velocities
suggested by the flow velocities of figure 5.10 (b). For an ideal gas the sound speed
cs is no less than
√
2 smaller than the thermal velocity cs ≈ vi. Thus a jet inter-
nal Mach number in excess of M0 > 10 is suggested for the ion gas. This value is
somewhat larger than theM0 = 3–5 internal Mach number deduced in similar radial
foil experiments from electron temperature measurement by Thomson scattering a
z = 12mm from the foil surface [21]. However it is in excellent agreement with
the M0 = 10 deduced in the same publication by analysis of maximum jet opening
angle. It is likely therefore that Ti = 143 ± 13eV is a reasonable estimate of ion
temperature along the jet axis.
The M > 10 internal Mach number suggested by scattering measurements is
significantly larger than the M ∼ 2 internal Mach number deduced for conical wire
array jets in the preceding chapter. It is also clear therefore that replacement of
the low axial flow velocity cylindrical wire array precursor plasma with the highly
supersonic axial outflow plasma of a radial foil will dramatically increase the relative
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velocity of the jet-ambient collision. We therefore expect highly supersonic flow of
the ambient medium around the intruding jet.
5.2 Jet-ambient Interaction Experiments
5.2.1 Experimental setup
The conical wire array jets investigated in the preceding chapter [s.4.2] were inter-
acted with the outflow plasmas of a radial foil using the experimental setup shown in
figure 5.11. Ambient medium was generated by a∼ 14µm thickness, D = 40±0.2mm
diameter aluminium foil centred at the MAGPIE cathode for consistency with in
vacuo foil experiments. Jets were driven by aluminium (16 wire; 40µm diameter)
and tungsten (16 wire; 18µm diameter) conical wire arrays with 12mm length and
18◦ half opening angle, identical to those employed in double array jet-ambient ex-
periments [s.4.3]. Array wires were held in position using epoxy and tensioned by a
top hat and lead weight system above the anode plate.
Conical wire array and foil were connected in series by a set of eight spacer posts
distributed evenly around the foil azimuth. The posts had L = 37mm exposed
length, and the foil was tensioned in the usual way by addition of a ∼1mm to the
cathode height relative to the foil edge. This arrangement separated conical wire
array and foil cathodes by ∆z = 36± 1mm after installation in the target chamber,
where the ±1mm uncertainty accounts for the accuracy by which the additional
cathode length could be determined. Spacing posts and conical array cathode were
supported from above by a set of four insulating support posts. Under the ionising
radiation from the pinch these posts may become conductive across their array-
adjacent length. Thus they were not connected directly to the anode plate but
passed through ∼ 20mm diameter clearance holes to an insulating plate mounted
above the anode plate.
The diagnostic suite used in previous experiments was extended by addition of
a two colour interferometry system [s.3.1.4] as shown in figure 5.12. The second
and third harmonics of the Nd:YAG laser at 352nm and 355nm were injected along
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Figure 5.11: Target section setup for conical wire array jet and radial foil
interaction experiments.
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the same probing path and imaged onto independent CCD detectors by a dichroic
beamsplitter. An additional ∼ 8m of optical path was introduced to the 355nm
beam-line prior to entering the target chamber, delaying the pulse by ∆t = +27ns
relative to the 532nm harmonic. This arrangement provided time resolved areal
density information along the same line of sight, a particularly useful feature when
cylindrical symmetry is broken around the interaction surface. Optical and XUV
self-emission images were recorded simultaneously at ∆t = 30ns intervals for ease of
comparison. Both cameras were focused in the same optical plane as shown in figure
5.11 providing simultaneous dual-waveband imaging. This arrangement identifies
regions where changing emission intensity is driven by variation in temperature
rather than density. Machine current was recorded between the anode plate and
ground using twin Rogowski grooves as described in section [s.3.1.3].
5.2.2 Results and discussion
Some time after initiation of current, counter-propagating plasma jets are formed
in the outflow regions of conical wire array and radial foil. Density accumulates at
the contact surface between the two flows and a sequence of cylindrically symmet-
ric shock structures are formed, dividing the interaction into discrete flow regions
with distinct fluid variables. The stability of the system to Rayleigh-Taylor and
Kelvin-Helmholtz fluid instabilities is dependent on interaction geometry and the
mass injection rate. In the following section [s.5.2.2.1] the structure and dynamics
of the interaction of two co-axial aluminium flows is presented. In the following
section [s.5.2.2.2] the impact of radiative cooling is studied by replacement of the
aluminium conical wire array with a tungsten array of the same geometry. In the
final section [s.5.2.2.3] the development of hydrodynamic instabilities during the
advanced stages of the interaction is presented and discussed. Results from five ex-
periments are presented which are representative of the highly reproducible system
behaviour observed in all experiments undertaken during this project. All five are
driven by a 1.1±0.1MA machine current with rise time 260±20ns as shown in figure
5.13. Including the ∼ 30mm length of the cathode post the total distance between
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Figure 5.13: Target currents recorded along adjacent current return posts dur-
ing conical wire array and radial foil interaction experiments. Aluminium and
tungsten wire arrays are indicated in red and blue respectively.
the MAGPIE cathode ring and anode plate is ∼ 80mm in these experiments, and
it is therefore pleasing to find the average current profile is most similar to the
(Imax, trise) = (1.14MA, 263ns) observed in wide array experiments for which total
target section length is ∼ 90mm.
5.2.2.1 Aluminium jet interactions
The earliest structures observed in the interaction region between conical array and
radial foil are shown in optical and XUV self-emission in figure 5.14. For ease of com-
parison with results presented in chapter [c.4] images have been inverted such that
the jet forming array is located at the base. Cropping is performed along the target
facing surfaces of the conical array and the radial foil surface and regions beyond
the limit of collection optics are marked. The central axis of the target hardware is
located with respect to the known position of spacing posts in un-cropped images
and defined within each imaging plane as x = 0. Measurements are scaled relative
to the known ∆z = 36± 1mm distance between conical array and foil cathode and
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Figure 5.14: Initial interaction between an aluminium conical wire array jet (bottom)
and radial foil outflow (top). Dynamics captured in optical self-emission before (a)
and after (b) detectable emission from the interaction surface are shown alongside
an XUV image (c) recorded at similar experimental time.
limited to 5% accuracy by the ±1mm uncertainty in cathode post position added
in quadrature to the ±0.5mm uncertainties introduced by identification of electrode
positions in shot images.
From earlier than t ∼ 250ns conical and foil outflows are visible along the cen-
tral axis in the regions z < 16mm and z > 24mm from the conical array cathode.
The fully formed jets are illustrated in figure 5.14 (a) at t = 277ns. Both appear
qualitatively similar to their in vacuo counterparts, though the initial flow diamond
observed in the conical array outflow broadens to noticeably wider maximum diam-
eter d = 5.4± 0.2mm at z ≈ 9mm than the d = 2.6mm observed for the aluminium
jet of section [s.4.3.2.2]. No significant emission is observed around the mid-plane
z = 18mm at this time. However it is not possible to exclude the interaction of
low density flows generated by the initial arrival of current at the electrode surfaces.
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Aluminium plasma with thermal velocities in excess of 600eV can cover ∆z = 18mm
in ∼300ns and such energies are well above the detection threshold of both optical
hνmax ∼ 5eV and XUV hνmax ∼ 100eV self-emission diagnostics.
After an additional ∆t = 30ns there is first evidence of material accumulation
in the interaction region at z = 17mm as shown in figures 5.14 (b) and (c). Opti-
cal emission (b) is slightly enhanced in this region relative to inflowing jet plasma,
whilst XUV intensity is dramatically increased. As demonstrated in vacuum experi-
ments the foil jet propagates with steady diameter along its length, whereas conical
jet material converges towards the interaction region through the primary flow dia-
mond. In contrast to in vacuo dynamics contraction is no longer observed along the
wire array jet length in XUV emission (figure 5.14 (c)). It is likely therefore that
the flow diamond observed in optical emission (b) is the result of compression of
lower pressure core material by a higher pressure sheath. Such an internal pressure
imbalance is not unreasonable since radiative cooling is likely to reduce the pressure
of higher density core material more rapidly than in the lower density sheath.
Subsequent evolution of the discontinuity is well illustrated by observation of
electron densities using the two frame laser interferometer. Consecutive images
captured in the (x, z) plane at the same azimuthal angle θ are shown in figure 5.15.
A 10 × 10mm field of view is imaged centred about the target axis x = 0 and
mid-plane at z = 18mm from the conical array cathode ring. Parallel fringes are
initialised with ∼8 fringes along the x-axis and 20 along the z-axis, corresponding to
spatial resolution ∆x = ±0.7mm and ∆z = ±0.3mm respectively. Fringes are more
closely spaced at the shorter probing wavelength 355nm with resulting improvement
in resolution to ∆x = ±0.5mm and ∆z = ±0.2mm. A single fringe shift corresponds
to areal electron densities of 4.2×1017cm−2 and 6.3×1017cm−2 at the two probing
wavelengths λ0 = 532nm and 355nm.
At large distances from the array axis fringe very closely resemble the pre-shot
pattern, indicating uniform low areal densities at distance from the central jets.
Towards the system axis fringes are increasingly deflected from their rest positions
indicating higher areal densities. The presence of enhanced electron density around
z = 17mm is suggested in figure (a) by a sequence of modest fringe displacements.
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Figure 5.15: Raw laser interferometry fringe patterns captured during the early
development of an aluminium jet-ambient interaction. Images are recorded
along the same line of sight at t = 307ns (a) and t = 334ns (b) after initiation
of load current. Inset (c) highlights the strong deflection of interference fringes
along the interaction surface and the presence of shadowgraphy fringes parallel
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By 334ns (b) a sequence of strongly deflected fringes is observed in a narrow band
centred at z ∼ 20mm. This feature is beneath the spatial resolution of the inter-
ferometer due to thinning of the fringes upon deflection. However, the presence
of shocks is clearly indicated by shadowgraphy brightening/darkening subsidiary
fringes parallel to boundary as shown in figure (c). Additional shadowgraphy bright-
ness variations are visible at the centre of the feature at ∼ 0.1mm length scales,
suggesting small scale density variations due to perturbation of the boundary by
hydrodynamic instabilities.
Inversion of the fringe patterns returns areal density plots as shown in figure
5.16. Images are scaled to high precision by location of cathode post and conical
array cathode in pre-shot images, and thus measurements are accurate to within the
3% uncertainty introduced by the ±1mm variation in cathode post position. The
excess density associated with conical and foil jets is visible around the array axis
upto radius |x| > 3mm in the conical wire array region z < 17mm and in excess of
|x| > 5mm for the halo plasma surrounding the foil jet z > 19mm. By 355ns foil
and conical array plasmas are separated by a narrow, high density surface centred at
z = 20mm. The highest density region lies at x = −0.4mm, approximately along the
symmetry axis of the foil jet. To either side of this central ‘knot’ the discontinuity is
driven ahead into the lower momentum halo plasma forming a characteristic indented
tip.
At larger radii oblique attached shocks at θL = 52 ± 5◦ and θR = 69 ± 5◦ are
observed on both edges of the conical wire array jet as expected at the tip of a
cylindrical supersonic intrusion into a gaseous ambient [s.2.3.3]. Expression (2.34)
restated below may be used to deduce a lower limit for the jet propagation Mach
number M † where M ≡ ujet/cambient is the ratio of jet fluid velocity in the ambient
rest frame ujet and the speed of sound of the upstream material cambient into which
it propagates. The Mach angle µ is the smallest possible angle at which an oblique
shock can be maintained (see [s.2.3.1]) and thus the half opening angles θ 1
2
observed
in figure 5.16 provide a lower limit for M . Applying the average opening angle
†The jet propagation Mach numberM is equivalent to the upstream Mach numberM0 evaluated
in the jet rest frame.
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θ 1
2
= 60.5 ± 4◦ to (5.7) returns M > 1.14. This estimate is somewhat lower than
the M0 ∼ 2 internal Mach number of the conical wire array jets recorded in vacuo
in section [s.4.2]. It is likely that the temperature dependance of the sound speed
c ∝ √T (2.6) is responsible for this reduction by increasing the ambient medium
sound speed relative to that within the higher density, more strongly cooled jet
interior.
M ≡ u0
c
=
1
sinµ
>
1
sin θ 1
2
for 0 < θ 1
2
< 180◦ (5.7)
Further progress requires estimation of absolute electron densities via the Abel
transform. Although the situation exhibits mild deviation from cylindrical symmetry
along the boundary region inspection of figures 5.16 (a) and (b) suggests that both
foil and conical array outflows are well approximated by a cylindrically symmetric
system. Furthermore at sufficient distance from the array axis the chord length
across which the transform deduces absolute density (see [s.3.3.2.3]) becomes a small
azimuthal distance - rdθ < 0.1mm at r > 1mm from the array axis - over which
cylindrical symmetry is a reasonable approximation. Cylindrical symmetry of the
jet is confirmed by horizontal areal density profiles shown in figures 5.16 (c)–(f)
illustrating variation in areal density at ∆z = 1mm and ∆z = 2mm intervals along
the foil and conical jets respectively. The position of peak areal density is highly
consistent along the foil jet (c) and appears in the same position but with higher
density at the later probing time (d). Similar profiles at ∆z = 0.25mm intervals
return an average foil jet symmetry axis at x¯foil = 4.35± 0.03 where uncertainty is
given by the standard error σ¯ = σ/
√
N with the standard deviation of the samples
σ reduced by the sample number N . Cylindrical symmetry is also suggested by
the areal density profiles taken at 13.5 < z < 15.5mm across the conical array
outflow, shown in figure 5.16 (e)–(f). Note however that in addition to a global
density increase the central maxima observed in (e) becomes bifurcated at the later
probing time. Deducing a symmetry axis at the average position of outer maxima,
sampling across ∆z = 0.5mm intervals along the jet length returns an average
symmetry axis position x¯conical = 4.9 ± 0.3 where larger uncertainty reflects the
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Figure 5.16: Areal electron density n¯el(x, z) plots (a)–(b) and horizontal pro-
files (c)–(f) recorded across an aluminium jet-ambient interaction along the
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5.2 Jet-ambient Interaction Experiments 163
larger variability in density structure observed along the conical jet. Note that the
observed ¯d[nel]dx = 2.5 × 1016cm−2mm−1 linear increase observed in areal density
profiles sampled at t = 334ns is treated as a systematic error and removed prior to
Abel inversion.
The inverse Abel transform is performed across |x| < 5mm about the average
axis xAbel = 4.6 ± 0.4 where the uncertainty reflects the deviation of the two jet
symmetry axes from this average position. The two half-spaces at θ = 0 and θ = pi
returned by the transform are denoted by positive and negative radial positions
for convenience. A remarkable degree of qualitative and quantitative information
is returned by the density plots figures 5.17 (a)–(b). The hydrodynamics of the
interaction are clearly illustrated in (a), showing the ‘necking’ at z = 17mm at
the intersection of flow diamonds along the propagation length of a pressure un-
matched supersonic jet. Note that within both flow diamonds 13 < z < 16mm and
18 < z < 19mm an area of low areal density is observed close to the array axis,
consistent with the development of lower pressure following expansion at each neck
point which subsequently causes the flow to re-converge. The average jet diameter
d¯ ≈ 5mm observed across this region confirms that this jet is significantly broader
than the d = 2.6±0.3mm diameter of the aluminium jet recorded in preceding work
in which an array of identical array geometry and wire parameters is propagated
into a tungsten ambient plasma. It is possible that this effect is a response to
the exchange of ambient medium with aluminium plasma and resulting decrease in
cooling rate.
The first suggestion of oblique shocks at the jet-ambient interaction surface is
indicated in figure 5.17 (a), and these edges are well defined by t = 334ns after
current start (b). The similar position of these features in both images z ∼ 20mm
indicates that the contact discontinuity between conical and foil plasmas [s.2.2.4] is
approximately stationary in the laboratory frame. This situation is not unreasonable
since similar momentum injection rates are required at foil and wire array in order
to maintain wire and foil positions against the similar magnetic pressures induced by
the MAGPIE current (see expression (4.1)). As in (a) the symmetry of the two half-
spaces is pleasing confirmation of the appropriate choice of symmetry axis for the
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Abel transform. Nonetheless the dX = 0.4mm deviation in the jet symmetry axes
from the average axis introduces errors greater than ∆ne/ne > 20% for r < 1mm
(see expression (5.1)) and even qualitative results must be treated with extreme
caution within this radius.
The shock dynamics responsible for the flow geometry observed in (b) are well
illustrated by the vertical density profiles shown for the θ = pi half-space in figure
5.17 (c). A steep shock feature is observed at z ∼ 20mm as inflowing foil mate-
rial meets the near stationary contact discontinuity and is rapidly decelerated. In
this geometry the shock is known as a reverse shock. The r = −1.5mm shock has
density jump ne1/ne0 ≈ 3.7/0.7 = 5.3. The trailing edge exhibits the characteristic
rarefaction decay curve associated with a blast wave launched by an impulsive pres-
sure source [s.2.2.4]. Such an impulsive pressure wave is launched from each axial
position by the arrival of the jet tip and thus a blast wave suggests oblique shocks
are the product of shock waves emanating from the supersonically propagating jet
tip.
Plots similar to that shown in figure 5.17 (c) can be generated at each position
along the discontinuity surface to resolution dx = 0.01mm limited by the detector
CCD. This high density of information enables accurate determination of effective
adiabatic index for each of the shock jumps, to within rigorously defined limits of
experimental uncertainty. Results for the θ = pi density half space of figure 5.17 are
presented for the region r > 0.5mm from the inversion axis. Excluding systematic
error, which can most often be identified by consistent asymmetry between θ = 0
and θ = pi half spaces and removed, there are two fundamental sources of experi-
mental uncertainty associated with density measurements presented in this report,
introduced by the finite resolution of the interferometry system and transform pro-
cedure respectively. The finite separation of shot fringes introduces distances of
∆z ∼ 0.2mm as discussed in relation to figure 5.15. Between fringes data is interpo-
lated to provide estimates of fringe shift (FS) at each probing position. This intro-
duces a characteristic random error of 1
2
FS which is equivalent to ∼ 5 × 1017cm−2
at our λ0 = 532nm and 355nm probing wavelengths (see [s.3.3.2.2]). These per-
turbations are smoothed by the integration process and introduce fluctuations of
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∼ 1× 1017cm3 to the density signal at the ∆z ∼ 0.2mm periodicity associated with
the fringe spacing, as observed in figure 5.17 (c).
At low upstream densities observed at large distance z > 3mm from the inversion
axis this uncertainty dominates the density jumps recorded for the t = 334ns, θ = pi
half-space in figure 5.18. Towards the array axis the error is dominated by the
uncertainty in the position of the inversion axis in the familiar way. Foil reverse
shocks are measured, since the higher upstream density in the foil halo plasma
provides higher accuracy in low density region. Within the radii −4 < r < −0.5mm
for which the combined fractional error due to upstream density measurement and
selection of symmetry axis are lower than 100% a striking linear dependance is
observed in the jumps (figure 5.18 (a)). If these shocks are strong then (5.3) in the
form shown below (5.8) may be applied to determine the effective adiabatic indices
as shown in figure 5.18 (b). The double dependency of (5.8) on the density jump J
dramatically increases the uncertainty and an average is performed across the ∼ 30
pixels between each sample position to reduce errors to manageable levels.
γ =
1
J
+ 1
1− 1
J
(5.8)
γ =
j + 2
j
(5.9)
The value of gamma depends upon the internal thermodynamic degrees of free-
dom j possessed by the gas, in which energy arriving from the upstream region can
be stored. Expression (2.5) restated above (5.9) thus ensures that gamma must
lie between 1 and the ideal gas value 5/3 due to the three translational degrees
of freedom available to a monatomic system. Thus in the strong shock limit only
jumps J > 4 are physical and thus lower jumps can be identified as weak shocks. At
r ≤ 1mm the density jumps of figure 5.18 are both lower than the J = 4 minimum
value for a strong shock and it is no surprise therefore that these positions do not
return physical values for the adiabatic index. The remaining adiabatic indices are
well described by a linear relationship even to the largest limits for which data is
not overwhelmed by experimental uncertainty. It is clear therefore that additional
5.2 Jet-ambient Interaction Experiments 167
degrees of freedom become accessible at larger radius along the attached shocks
formed at a jet-interaction interface between an aluminium plasma jet and the halo
plasma due to an aluminium radial foil. It is known [38] that decreasing plasma
density favours the activation of ionisational degrees of freedom due to increasing
statistical weight for the liberation of electrons. The decreasing halo plasma den-
sity observed with distance from the jet axis within the radial foil outflow (section
[s.5.1.2.1] thus provides a natural explanation for the gradual decrease in adiabatic
index with radial distance in this aluminium-aluminium jet-ambient interaction.
Although it is encouraging to note that the linear trend in adiabatic index shown
in 5.18 (b) predicts a monatomic gas model γ = 5/3 in the high density on-axis region
it is important to confirm that the effective adiabatic indices of γ = 1.2 observed at
large radius are physically reasonable. A first approximation for average adiabatic
index may be derived from the shock jump conditions [s.2.2.2] as shown in Drake [57]
and included below (5.10). Note that the shock velocity D is evaluated in a frame
for which the upstream fluid is at rest.
(1 + Z)T1 =
2mi
kB
D2
γ − 1
(γ + 1)2
(5.10)
At the shock position z = 20mm upstream material is ∆z = 16mm from the foil
surface. At this distance expression (5.6) defined for the in vacuo foil jet suggests
upstream velocities u0 = 5.2 × 104ms−1 providing a lower limit for shock velocity
D > 5.2 × 104ms−1. Thus for the aluminium plasma (5.10) suggests (1 + Z)T1 >
7.2 × 105K ≡ 63eV. Although this value is significantly smaller than Ti = 143eV
observed at the foil jet axis [s.5.1.2.2] the same scattering data indices ZTe  Ti
and the electron term ZT1 must therefore be neglected from our previous result.
Under this situation an ion temperature of T1 = Ti > 63eV is certainly consistent
with work presented in this report and it is likely that the γ = 1.2 adiabatic indices
observed at the outermost radii of our oblique shocks are a genuine product of their
rarefied, low electron temperature plasma environment.
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Figure 5.18: Electron density jumps (a) and effective
adiabatic indices (b) across the attached oblique shock
in aluminium-aluminium interactions.
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Figure 5.19: Early time interaction dynamics between a tungsten conical wire array
jet (bottom) and aluminium radial foil outflow (top). The interaction is captured at
t = 358ns in XUV (a) and optical (b) wavebands and evolution by the subsequent
t = 388ns probing time is shown in (c).
5.2.2.2 Tungsten jet interactions
The formation of the interaction surface between a tungsten conical wire array jet
and the aluminium outflow from a radial foil provides insight into the influence of
radiatively cooled plasma on the dynamics of the oblique shocks formed at the jet
tip. The earliest structure formed in the interaction region is shown in self-emission
in figure 5.19. As in the preceding section conical and foil jets are visible along the
target hardware symmetry axis from t ∼ 250ns after initiation of current at the load.
Both conical and foil jets propagate in a very similar manner to that recorded into
vacuum. By t = 358ns (a)–(b) the steady diameter foil jet is observed propagating
from the foil z < 20mm and the first flow diamond of the conical jet is resolved
clearly in the region z > 16mm in both XUV and optical wavebands.
As observed with the analogous aluminium array of the preceding section the
maximum diameter of the flow diamond is considerably larger than the d ≈ 2mm
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maximum diameters observed in the vacuum jet and double array experiments of
chapter [c.4]. The average value d¯max = 5.9 ± 0.2 is consistent between XUV (a)
and optical (b) within the 5% uncertainties introduced by scaling images in the
usual way. The consistent increase in both aluminium and tungsten jet diameters
relative to their geometrically identical double-array and in vacuo analogues suggests
that inversion of the current polarity through the array effected in this chapter
may significantly influence the dynamics of conical wire arrays. As expected the
diameter of the tungsten flow is observed to decrease with time in the outflow
region z > 12mm falling from d = 3.3 ± 0.1 at t = 358ns to d = 2.3 ± 0.2mm
by t = 288ns (c). In contrast the foil jet diameter increases with time as recorded
under vacuum propagation [s.5.1.2.1] indicating significantly higher cooling rates
within the tungsten plasma as expected.
An interaction surface is observed at z ≈ 24mm above the conical array cathode.
A dz ∼ 1mm thickness band of bright emission is observed in the optical wave-
band. Similar to the aluminium-aluminium interaction described in the preceding
section oblique shocks are formed at both jet edges with average half opening an-
gle θ¯ = 56.5 ± 4◦. At large distance from the jet |x| > 4mm this angle remains
approximately steady for the duration of the interaction and it is likely that it rep-
resents the Mach angle for the propagation of the conical jet material within its
low density halo plasma. Following the same procedure described in the previous
section (see expression 5.7) yields a lower limit for jet propagation Mach number
M ≡ ujet/cambient > 1/ sin(θ¯) = 1.20. It is interesting to not that this value is very
similar to the M > 1.14 jet propagation Mach number determined in the same way
for the oblique shocks at the tip of aluminium jets, as expected for propagation of
a similar velocity jet into an identical ambient medium. However, despite similar-
ity at large distances from the central axis smaller radius features are dramatically
influenced by the jet cooling rate as we shall explore in section [s.5.2.2.3]. The first
suggestion of this deviation is observed at t = 388ns in figure (c) where the interac-
tion tip becomes highly convex, in marked contrast to the indented tip observed in
aluminium jets at a similar time.
The origin and evolution of the oblique shocks characterising the global struc-
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Figure 5.20: Raw laser interferometry fringe patterns captured pre-shot (a)
and at t = 307ns during the early development of a tungsten-aluminium jet-
ambient interaction (b).
ture of the tungsten-aluminium plasma interaction is illuminated by consideration
of the shock jumps and effective adiabatic indices as described in the preceding
section. The electron density plot determined by Abel inversion of interferometry
data recorded at t = 307ns after current start (figure 5.20) is shown in figure 5.21
(a). Spatial measurements are determined to better than 3% by scaling against the
∆z = 36 ± 1mm inter-electrode distance in the usual way. Despite carrying signif-
icant momentum into the interaction region conical wire array material maintains
low density at this time - nowhere exceeding ne = 1018cm−3 - and a symmetry axis
cannot be defined accurately. Thus the foil jet axis is chosen for the transform, de-
termined from areal density plots as described in section [s.5.2.2.1]. As usual a high
degree of uncertainty is introduced by the transform at small radii by an incorrect
selection of symmetry axis and the region r < 1mm is to be treated with caution.
Despite this caveat the accurate selection of foil axis preserves symmetry along
the foil jet during the transform, excepting the region 24.5 < z < 27.5mm where
cylindrical symmetry is broken by the passage of the oblique shock. At the foil jet
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Figure 5.21: Electron density plot ne(r, z) (a) across the tungsten jet and
aluminium foil interaction at t = 307ns after current start. Densities are
recovered from figure 5.20 interferograms by inverse Abel transformation about
the foil jet axis at x = 0. Vertical profiles across the attached oblique shocks
are included for the θ = pi (b) and θ = 0 (c) half-spaces sampled by the probing
laser.
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tip (r, z) = (0, 23)mm a high density ne > 8 × 1018cm−3, thin δz ∼ 0.1mm disc
is observed, followed by lower density post shock material for 23.5 < z < 24.5mm.
Similar high densities and narrow thicknesses are observed along the oblique shock in
the θ = 0 half-space and it appears the tungsten facing surfaces suffer much stronger
compression than observed in previous aluminiu m-aluminium interactions. Signif-
icant conical wire array material is observed only within |r| = 1.8mm, consistent
with the d = 3.3± 0.1mm observed in optical self-emission at t = 358ns.
Axial profiles across the oblique shocks in both half-spaces are sampled at ∆r =
0.5mm intervals and included in figure 5.21 (b)–(c). The asymmetry of the inter-
action tip prevents formation of the oblique shock in the θ = 0 half-space until
r > 1mm from the inversion axis and thus profiles are taken from r ≥ 1.5mm. For
θ = pi (c) the conical and foil reverse shocks identified in aluminium-aluminium
interactions are observed at r = 1.5mm from the array axis, reaching peak post-
shock densities of ne ∼ 4 × 1018cm−3. At larger radii both shocks weaken rapidly,
as expected for the attached shocks at a jet-ambient leading edge at distance from
the propagating tip [s.2.3.3]. The situation is markedly different for the θ = 0 plot.
Here foil reverse shocks reach much higher densities ne ∼ 1019cm−3 and retain a
steep discontinuous leading edge until beyond the sampled region r = 3mm. As for
θ = pi profiles for r > 2mm all profiles exhibit the characteristic blast wave structure
expected for the impulse propagated into the ambient medium by the passage of
the advancing jet tip [s.2.2.4]. Note that as observed in figure 5.17 unphysical neg-
ative densities produced where the Abel integral encounters very sharply changing
densities across the shock. It is thus not believed that the post shock reduction in
density below background levels reflects a genuine physical process.
Shock denisity jumps and effective adiabatic indices are deduced from the steeper
θ = 0 shock features. Error estimation is performed as described in the preceding
section but it is clear at a glance that higher resolution data is available in this case,
reflecting tighter spacing of interferometry fringes during this experiment. However,
unlike similar profiles generated across the aluminium-aluminium oblique shocks
density jumps observed at the foil reverse shocks in figure 5.21 (c) are each fronted
by a ‘foot’ of linearly increasing density. This feature is expected for strongly ra-
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diating shock fronts due to ionisation of upstream material by radiation from the
hot, radiative post-shock material [s.2.2.3]. This radiative precursor extends across
increasing length in the lower density regions at larger radius from the foil axis, con-
sistent with the expected relationship between precursor length and radiative mean
free path. The appropriate upstream plasma density ne0 for determination of the
shock jump must therefore by sampled ahead of the precursor, and z = 25.75mm is
selected by which all density profiles have reached a steady value.
The trends observed in shock jump J and effective adiabatic index γ along the
shock are shown in figures 5.22 (a)–(b) and differ remarkably from similar plots
(figure 5.18) obtained along the oblique shocks of aluminium-aluminium interactions.
In contrast to the linear decrease in effective adiabatic index with increasing distance
from the jet axis no such variation is observed along the tungsten-aluminium oblique
shock. Indeed all recorded values are consistent with an average γ¯W/Al = 1.2 ± 0.6
where the standard error introduced to the mean is due to uncertainties in upstream
density and Abel inversion axis position as described in section [s.5.2.2.1]. It is most
interesting to find that this value is consistent with the lowest value γAl/Al = 1.16
observed in the most rarefied aluminium ambient along the aluminium-aluminium
interaction surface. It seems likely therefore that γ = 1.16 represents the maximum
contribution of ionisational degrees of freedom (see expression (5.9)) to the effective
adiabatic index of the (Ti, Te, ne) ∼ (100eV, 100eV, 1018cm−3) aluminium plasma
ejected from a radial foil within r < 4mm of the jet axis. Such increased ionisation
at low radii is not unexpected due to the strongly radiative high density tungsten
accumulated against the contact discontinuity adjacent to post-shock aluminium.
Indeed the presence of significant precursor density ahead of the shock is a testament
to the importance of radiative ionisation in the tungsten-aluminium jet-ambient
interaction.
5.2.2.3 Instability growth and termination of the interaction
Dynamics of the tungsten jet and aluminium ambient interaction region across the
remainder of the current pulse are illustrated by the self-emission images shown in
figure 5.23. Sufficiently far from the central axis r > 4mm defined by the symmetry
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Figure 5.22: Electron density jumps (a) and effective
adiabatic indices (b) across the attached oblique shock
in tungsten-aluminium interactions.
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of target hardware the oblique shocks are driven towards lower z with increasing
experimental time. This behaviour is consistent with the expected absence of sig-
nificant inflowing conical array plasma at larger radius able to support the ram
pressure due to higher density radial foil halo plasma. At lower radius r < 3mm
a pronounced nose-cone is observed moving ahead of the oblique shocks as shown
in optical framing images (i)–(iii) recorded at ∆t = 30ns intervals. This subsidiary
intrusion is of similar diameter d ∼ 2mm to the tightly collimated wire array jet
observed at t = 388ns and is manifestly the result of enhanced momentum density
delivered to the aluminium-tungsten interface (see [s.2.2.4]). No oblique shocks at
the propagating tip of this secondary jet are resolved in emission images, but if they
are present at low intensity their half opening angle is extremely shallow θ 1
2
< 10◦.
At such collimation jet propagation Mach numbers exceed M > 5 (5.7) and such an
increase relative to the M ∼ 1.2 observed at the primary oblique shocks z ≈ 22mm
is consistent with propagation within the higher density, lower sound speed foil
material at larger axial positions z.
The counter-propagation of secondary tungsten jet and radial foil jets introduces
strong shear forces along the contact discontinuity between the two fluids. It is
therefore no suprise to find that the interaction is terminated by disruption of the
subsidiary jet due to the Kelvin-Helmholtz (KH) instability [s.2.3.4]. Within ideal
gaseous fluids counter-propagating at velocities U and −U the instability grows
exponentially from sinusoidal perturbation of the boundary of amplitude ξ0 and
wavenumber k, according to expression (2.36) restated below.
ξ(t) = ξ0e
kUt (5.11)
The fluid velocity of both tungsten conical wire array jets and the radial foil jet
have been constrained in sections [s.4.2.2.1] and [s.5.1.2.2] and are well approximated
by linear fits (4.6) and (5.6) respectively. Although some degree of extrapolation
is required at the typical z = 24mm distance of the sheared boundary from the
conical array, typical flow velocities ufoil(z′ = 12‡) = 4 × 104ms−1 and uconical(z =
‡The foil rest position at z = 36mm is ∆z = 12mm from the average interaction position at
z = 24mm
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Figure 5.23: Late time evolution (i)–(iii) of tungsten jet interactions and dis-
ruption due to growth of the Kelvin-Helmholtz instability along the sheared
boundary (iii)-(iv). Images (i)–(iii) are recorded in optical wavebands and (iv)
in XUV emission.
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24) ∼ 105ms−1 provide a convenient first approximation of shear velocity U =
1
2
(ufoil + uconical) ∼ 7 × 104ms−1. The perturbation wavelength λ = 1.6mm can
be estimated from figure 5.23 (iv) over the five consecutive oscillations observed
between 18 < z < 26mm along the boundary, suggesting k = 4 × 103m−1. The
e-folding time τKH = 1/(kU) expected for such a system is τKH ∼ 3ns and it is clear
that the rapid development of the instability over the ∆t = 30ns inter-frame time
between images (iii) and (iv) is consistent with attribution of this system of density
perturbations to the KH instability.
An analogous KH feature is observed in aluminium-aluminium interactions where
a small radial displacement δx ∼ 2mm is introduced between foil jet and wire array
jet axes. The developing instability is shown in figure 5.24 over the ∆t = 30ns
inter-frame time of the optical self-emission camera. Note that the perturbation
of the sheared boundary is clear in adjacent frames, indicating slower development
time than observed in the tungsten-aluminium interaction. The absence of radiative
collapse within the conical jet prevents the run-away advance of a secondary jet.
Thus the boundary layer is much less steeply inclined than observed for the tungsten
jet, with subsequent reduction in counter-propagating fluid velocity parallel to the
boundary and resulting reduction in KH growth rate. It is interesting to note that
the sinusoidal perturbation of the boundary occurs at slightly longer characteristic
wavelength λ = 2.4 ± 0.3mm where uncertainty is estimated by division of the
total uncertainty in boundary length by the number of oscillations observed along
it. Furthermore disruption of the boundary in this way launches a set of highly
characteristic lobes along the reverse shocks within both wire array jet and foil jet
fluids which are absent from head-on collisions, as discussed below.
The head-on aluminium-aluminium interactions observed during this project are
ultimately terminated not by the KH perturbations but by a Rayleigh-Taylor (RT)
instability due to the acceleration of the contact discontinuity under the collapse of
the conical wire array. The late time development of such an interaction is shown in
figures 5.25 (i)-(iv) as captured in optical self-emission. Following development of the
attached shocks at jet tip (i) they are swept back by excess foil material ram pressure
(ii) as observed in tungsten-aluminium interactions. The subsequent average half-
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Figure 5.24: Horizontal displacement between the symmetry axes of an
aluminium conical wire array jet (bottom) and radial foil outflow (top)
stimulates Kelvin-Helmholtz instability growth along the sheared boundary.
opening angle θ¯ = 36.5± 2◦ remains remarkably stable for the following ∆t = 60ns,
as can be seen by inspection of (iii). It is highly likely that this angle represents
the typical Mach angle due to the supersonic jet propagation and expression (5.7)
suggests a jet propagation Mach number of M ≡ ujet/cambient = 1.7 ± 0.1 where
uncertainty is propagated from angular measurements. It is curious to note that this
estimate is highly consistent with the M0 ∼ 2 internal Mach number M0 ≡ ujet/cjet
deduced for the tungsten wire array jet by a rarefaction wave fit [s.4.2.2.2]. Though
no immediate symmetry behind this similarity is apparent at the time of writing it
is certainty pleasing that Mach numbers associated with our conical array outflows
fall across a reasonably limited range.
The stability of the interaction surface is ultimately disrupted by the disintegra-
tion of array wires at t ∼ 500ns after first arrival of the current pulse. The latest
time t = 562ns captured by our self-emission diagnostics during the course of this
work is included in figure 5.25 (iv). A large wavelength λ ∼ 4mm perturbation is
visible along the foil facing shock which is absent from image (iii) captured 90ns ear-
lier. The growth rate of the Rayleigh-Taylor instability depends upon the relative
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Figure 5.25: Late time evolution (i)–(iv) of an aluminium-aluminium jet-
ambient interaction. Post shock material assumes a steady conical profile
between t = 412ns (ii) and t = 472ns (iii) which is ultimately disrupted by the
Rayleigh-Taylor instability (iv) following collapse of the conical wire array.
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density of two interacting fluids as defined by the Atwood number A and the effec-
tive acceleration a experienced by fluid at the boundary. The amplitude growth of
a small sinusoidal perturbation ξ0 is described by expression (2.35) restated below.
ξ(t) = ξ0e
√
Aak t where A =
ρh
ρl
− 1
ρh
ρl
+ 1
(5.12)
The effective acceleration of the boundary can be estimated from the global
movement of ∆z ∼ 1mm demonstrated by the post-shock feature over the ∆t = 90ns
between frames (iii) and (iv). No such movement is observed over the preceding
60ns and thus the average acceleration can be defined a = 1
2
∆z
∆t2
∼ 6 × 1010ms−2.
In the strong shock limit the shock jump J = ρh
ρl
is always in excess of J > 4
and the Atwood number is thus no smaller than A > 0.6. The RT e-folding time
τRT = 1/(
√
Aak) for such an accelerated of post shock plasma into lower density foil
material is τRT = 132ns. It is therefore not unreasonable to rationalise the observed
∆t = 90ns formation of pronounced disruption along attached shocks by impulsive
acceleration of the post-shock region and subsequent RT growth. Such an impulse
is certainly possible during the disintegration of conical array wires at t ∼ 500ns
with resulting inrush of additional material and momentum [82] into the jet forming
region.
5.3 Summary
Over the course of this chapter we have demonstrated the potential of the outflow
plasma generated by the radial foil z-pinch target as an ambient medium for jet-
ambient interaction studies. During initial experiments [s.5.1] the density, velocity
and temperature distributions within the outflow plasma of a 14µm thickness D =
40mm diameter foil with cathode diameter d = 6.35mm have been characterised. A
steady increase in jet diameter is observed over the course of the machine current,
reaching dj = 2.2mm at z = 4mm from the foil surface by t = 500ns after initiation
of current at the load. Densities are recorded across the fully developed jet at
182 Conical wire array jet and radial foil interactions
t = 447ns and typical jet and halo plasmas are observed of order ne ∼ 1018cm−3
with density jumps no greater than J = 4 between halo and jet regions. Conical
shocks by which ablated foil material is accumulated at the jet base are found to be
well approximated by an ideal monatomic gas adiabatic index γ = 5/3 [s.5.1.2.1].
At similar probing time t = 442ns ion temperature and velocity measurements are
deduced from the collective Thomson scattering of a λ0 = 532nm probing laser
from jet plasma. Spectra are well approximated by gaussian fits, indicating low
electron temperature relative to ion temperature Ti  ZTe, consistent with the
outflow of current-free, quasi-neutral plasma from the foil surface. Fluid velocities
demonstrate strikingly linear increase with distance z from the foil over the region
8 < z < 24mm reaching a maximum observed value of u = 7.3 ± 1 × 104ms−1. An
average ion temperature of Ti = 143±13eV is observed along the jet, which remains
steady across the probing length suggesting the jet is adiabatic along its length at
these late experimental times.
The head-on collision of conical wire array jets with the jet and halo radial foil
plasmas is found to generate a highly repeatable set of shock features across the in-
teraction surface. For both aluminium and tungsten wire array jets oblique attached
shocks are observed at the jet tip, as expected for the supersonic propagation of a
well collimated jet into an ambient gaseous medium. Attached shocks extend upto
r > 5mm from the axis of cylindrical symmetry and remain stationary in the lab
frame when the foil and conical jet axis are co-linear (figure 5.25). No such stationary
state is observed during tungsten jet interactions, where collapse of the jet to small
diameter on experimental timescales drives a secondary higher density jet ahead of
the primary oblique shocks (figure 5.23) formed during the initial interaction.
The density structure of the attached shocks exhibits similar form in both tung-
sten and aluminium jet experiments. A blast wave structure is observed in the
axial direction indicating the launching of shocks by the advancing jet tip which
propagate supersonically into the ambient medium. Average half opening angles of
θ¯ 1
2
= 60.5 ± 4◦ and θ¯ 1
2
= 56.5 ± 4◦ are recorded for the earliest observed oblique
shocks in aluminium and tungsten jet experiments respectively yielding lower lim-
its on jet propagation Mach number MAl/Al > 1.14 and MW/Al > 1.2 respectively.
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At later times the oblique shocks in aluminium jet interactions reach a steady half
opening angle θ¯ 1
2
= 36.5 ± 2◦ indicating MAl/Al = 1.7 ± 0.1 for the majority of the
experimental time.
The aluminium density jumps across the blast wave launched from a tungsten
jet well described by an effective adiabatic index γ = 1.2± 0.6 [s.5.2.2.2] across dis-
tances 0.5 ≤ r ≤ 4mm from the jet axis. In contrast the effective adiabatic indices
describing analogous shocks launched by aluminium jets into the similar ambient
are shown to fall steadily with increasing radial position over the same range. A
linear fit intercepting the array axis at the ideal gas value γ = 5/3 is consistent
with observations to within experimental uncertainty and falls to γ = 1.2 ± 0.2 at
r = 4mm. It is likely that γ = 1.2 ± 0.2 represents a state in which the all the
available ionisational degrees of freedom are stimulated within the post-shock alu-
minium ambient. Thus the decrease in γ with radius reflects falling ambient density
and hence increasingly favourable probability for ionisation events. In the case of
tungsten jets the dominant role of radiative cooling is found to increase ionisation
of upstream fluid prior to the main jump (figure 5.21 (c)), and it is certainly pos-
sible that such effects exhaust ionisational degrees of freedom by ionisation of all
accessible electrons.
The interaction is terminated by the development of Kelvin-Helmholtz (KH) or
Rayleigh-Taylor (RT) instabilities along the interaction surfaces. Where significant
mis-aligment is introduced between conical and foil symmetry axes jets are found to
counter-propagate adjacent to one another stimulating runaway KH growth. Per-
turbation wavelengths of λ = 1.6mm are observed in tungsten grazing collisions,
indicating KH e-folding times τKH ∼ 3ns for appropriate fluid velocities as deduced
from foil and conical array characteristics determined in this report. This rapid
timescale accounts for the ∆t = 30ns interval across which the instability becomes
well developed. RT instability is introduced by collapse of the conical wire array
and subsequent injection of additional momentum to the interaction region. The
estimated growth times based on acceleration rate of the shock interface yield e-
folding times τRT ∼ 100ns, consistent with the observed ∆t = 90ns across which the
perturbation is seen to develop.
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It is clear that the outflow plasma from a radial foil target successfully introduces
sufficient plasma across the interaction region to resolve shock features driven by
the intrusion of a jet tip out to radii several times larger than the typical jet widths.
In addition the removal of cylindrical array wires and anode disk effected by the
exchange of ambient forming target dramatically increases the horizontal distances
across which imaging and laser probing diagnostics can be applied effectively. It
remains only to extend this work to the higher jet Mach numbers which are often
most appropriate for the description of astrophysical jet-ambient interactions.
Chapter 6
Radial Wire Array Jet and Radial
Foil Ambient Interaction
Experiments
The final set of jet-ambient interactions investigated during this project concern
the high velocity, small diameter jets launched by the radial wire array z-pinch
target [90]. In this configuration array wires connect concentric electrodes along
radial paths as illustrated in figure 6.1 (a). Azimuthal wire positions are defined by
a set of evenly spaced grooves machined into the outer electrode and an equivalent
set of notches around the inner electrode. Wires are suspended in tension across the
system by weighting free ends in the familiar way. An example of such an array is
shown in figure 6.1 (b) loaded at the MAGPIE anode plate.
The time evolution of a sixteen wire, d = 40µm wire diameter aluminium radial
wire array loaded at the machine anode is shown in XUV self-emission in figure
6.2. By t = 223ns a tightly collimated, high density jet is fully formed along the
array axis with diameter d . 2mm and length l > 10mm. The jet is qualitatively
similar to that observed from radial foils as discussed in section [s.5.1] which is no
surprise given the identical geometry of target electrodes. Significant emission is
observed from the halo plasma region at the jet base z < 5mm and both jet and
halo plasma are seen to expand to larger diameter by t = 253ns as expected. In
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Figure 6.1: The radial wire array z-pinch target from above (a) and as installed
at the MAGPIE anode (b).
contrast to the foil however it is likely that radial wire array halo plasma is more
strongly localised above wire positions by increased magnetic field leaked between
array wires into the halo region z > 0. By t = 283ns a significant change in dynamics
is observed, corresponding to the time at which array wires become fully eroded by
rapid ablation under the high magnetic fields induced at small radius. This wire
breakage ultimately disrupts the stability of the central jet and care is taken to
initialise jet interaction experiments before this time.
A setup similar to that illustrated in figure 6.3 was used to interact radial wire
array jets with the plasma outflow from an aluminium foil. In order to provide
a fair comparison with previous work the foil thickness s = 14µm and diameter
D = 40mm are consistent with those investigated in the chapter [c.5] and the foil
was installed at the machine cathode. As before eight d = 5mm spacer posts were
used to pass machine current across both foil and radial wires simultaneously.
6.1 Experimental Setup
The experimental setup used for the radial wire array jet interaction work is il-
lustrated schematically in figure 6.4. Except in the wire array region, hardware is
identical to that described in section [s.5.2.1], with an additional on-axis Thomson
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Figure 6.2: Formation and evolution of an anode mounted, sixteen d = 40µm
aluminium radial wire array as captured in XUV self-emission. Expansion of
current carrying lobes at the jet base (iii) follows breakage of array wires at
small radius.
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Figure 6.3: Jet-ambient interaction generated by the series discharge (b) of
radial wire array (a) and radial foil z-pinch targets .
scattering probe for temperature and velocity measurement. Weighted array wires
were lowered through the anode post and located in wire grooves along the upper
surface of the radial array cathode ring. Care was taken to ensure wire weights
hung freely and that wires were kink-free. Identical electrodes were selected for foil
and radial wires, with inner and outer diameters of D = 40mm and d = 6.35mm
respectively. As in preceding work the total distance between the radial wire array
cathode ring and foil anode was ∆z = 37mm. Both anode and cathode posts stand
∼ 1mm proud of these positions, reducing the on-axis separation between the two
targets to ∆z = 35.0 ± 1.4mm, where uncertainty is introduced by the z. = ±1mm
uncertainty in both post positions. Sixteen wire aluminium arrays of 40µm wire di-
ameter were selected for the jet forming arrays, providing t > 280ns of experimental
time before wire breakage.
The 532nm Thomson probing laser was introduced along the machine axis from
above, as described in section [s.3.3.3]. The beam input angle was adjusted at the
final mirror using a high precision optical mount until the beam passed completely
within the anode tube. A d = 4mm diameter hole was punctured at the centre of
the target foil as shown in figure 6.5 (a), allowing the beam to propagate through
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Figure 6.4: Target section setup for radial wire array jet and radial foil inter-
action experiments.
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Figure 6.5: Target section hardware for radial wire array jet interaction with a radial
foil as viewed along the azimuthal diagnostic line of sight. A d = 200µm diameter
pin is used for alignment of the axial Thomson probing beam (b) which is introduced
from above and dumped via a hollow cathode post (b).
the cathode post to a beam dump. Observation fibres were mounted at 90◦ to the
beamline and aligned along the array axis as in previous work [s.5.1.1]. Collection
optics were focused prior to the shot using light scattered from a 200µm diameter
alignment pin mounted to a vertical translation stage as shown in figure 6.5 (b).
Spacing of ∆z = 2.2mm was selected between probing positions, covering the ∆z =
16mm region from anode post to the interaction surface in each shot.
The azimuthal diagnostic suite was fielded as described in section [s.5.2.1]. Load
current was recorded by Rogowski grooves mounted around two of the four array
return posts and the five experimental traces are included in figure 6.6. An average
current of (Imax, trise) = (1.05MA, 280ns) was recorded across eight experiments with
standard deviations σI =0.07MA and σt = 14ns. Although peak current remains
similar to that observed using near identical target hardware in the preceding chap-
ter, an additional ∆t = 20ns rise time is introduced by replacement of the conical
array by radial wires. Such an increase is consistent with the additional load induc-
tance introduced by substitution of the axial wire array current path with a smaller
diameter anode post. Temporal variation of up to ∆t = 40ns is observed along the
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Figure 6.6: Target cur-
rents recorded along ad-
jacent current return
posts during radial wire
array and radial foil in-
teraction experiments.
rising edge of the five experimental pulses and care must be taken when compar-
ing process timescales between experiments. Note the absence of current maxima
in traces s1122_12 – s1212_12. All three signals are observed to level abruptly
at some time after t ∼ 200ns and remain steady for the remaining recorded time.
Such behaviour indicates premature breakdown of current between the MAGPIE
electrodes before arrival at the load section (see section [s.3.1.2]). Cleaning of the
vacuum facing diode stack surfaces restores the complete load current for remain-
ing experiments, but traces recorded in these three experiments can be treated as
reliable only at at early times t < 200ns.
6.2 Results and Discussion
6.2.1 Jet formation, velocity and temperature
The jet formation process was captured by the extended ∆t = 330ns probing window
sampled by the optical framing camera. The earliest structure observed in the target
region in the optical waveband is shown at t = 174ns in figure 6.7 (a). As for the
vacuum foils of section [s.5.1.2.1], strong emission is observed adjacent to the foil
surface z = 35mm over a dz ∼ 1mm thickness layer. No emission is detected
along the array axis at this time, consistent with foil behaviour characterised in
vacuo where jet formation occurs at t ∼ 250ns. In contrast, a brightly emitting jet
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Figure 6.7: Probing positions (a) and scattered spectra (b) collected by the
Thomson probing system along a d = 40µm diameter, sixteen wire aluminium
radial wire array jet at early time t = 174ns.
structure is already formed above the radial wire array 0 < z < 12mm centred along
the target hardware symmetry axis. Jet diameter increases at greater distance from
the anode post reaching d ∼ 3mm at z = 8mm. It is likely that jet confinement
is provided in a similar manner to that observed at the base of radial foil jets (see
[s.5.1.2.1]), by in-streaming wire plasma directed radially inward under thermal and
magnetic pressures above the array wires. Note the absence of halo emission around
the jet base at this time and it is most likely that the sixteen array wires provide
insufficient density to emit significantly at optical wavelengths.
The observation positions of the seven Thomson scattering fibres are shown in
inset (b) of figure 6.7. The d = 200µm diameter fibres are focused at the array
axis by an f = 75mm objective lens which provides system magnification M = 0.22
and a d = 0.9mm diameter field of view as described in [s.5.1.1]. Vertical probing
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position is determined prior to each shot by observation of scattered light from an
alignment pin translated along the axis as shown in figure 6.5 (b). Spectra recorded
at each position along the aluminium radial wire array jet at t = 164ns after current
start are plotted in figure 6.7 (c) alongside the pre-shot scattering spectrum due to
the alignment pin.
All seven spectra are dominated by a pronounced unshifted maxima at λ =
531.7nm most likely due to stray light reflected from the highly complex target
hardware. In addition to these principal maxima a set of red-shifted subsidiary
maxima are observed in fibres (1)–(4). Shifting to longer wavelength indicates re-
cession of scattering material along the beamline, corresponding to translation of jet
material away from the anode post as expected. In addition to scattering maxima,
significant continuum emission is also observed in fibres (1), (2), (6) and (7) suggest-
ing the presence of higher Z elements. Close to the anode significant contamination
is expected due to ablation of the stainless steel post. The presence of significant
continuum emission around z ∼ 18mm is not fully understood at the present time
but it is possible that radiative heating of the stainless steel alignment pin resting at
z ∼ 17mm introduces small volumes of high Z material into the inter-array region.
Integrating across fibre diameter and normalising with respect to the continuum
emission returns average intensity plots as shown in figure 6.8. The same procedure
is applied to pre-shot scattering from the alignment pin and the resulting spectrum
is fitted by a gaussian. This pre-shot fit is included for reference alongside each
recorded trace. Fibres (1)–(4) show clear bifurcation of the scattered signal with an
unshifted peak well approximated by the pre-shot fit, reflecting stray light scattered
from target hardware into the observation fibres. The red-shifted signals are isolated
by subtraction of the pre-shot fit and plotted in figure 6.9 (a). Increasing signal to
noise ratio is observed at higher fibre numbers due to decreasing jet density and laser
intensity and by z > 12mm no signal is recovered for fibres (5)–(7). All four traces
are consistent with gaussian fits to within the limits of system noise and following
deconvolution from pre-shot values the mean wavelength shifts ∆λ generate fluid
velocities u plotted in figure 6.9 (a). Although the gaussian form of the scattering
signal appears to suggest a thermal distribution of shielded ionic scatters [s.3.3.3.1]
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Figure 6.9: Normalised scattering spectra following correction for stray light (a)
with ion velocity and effective temperature extracted from gaussian fits (b).
it is unclear at the present time whether sufficient time has elapsed by t = 164ns
for a truly thermal distribution of ion velocities to form. Temperatures included in
figure 6.9 (b) defined by the gaussian widths for a thermal scattering (5.4) popula-
tion must therefore be treated as effective temperatures until further measurements
can provide convincing demonstration of the ion collision frequency under radial
wire array jet conditions. Fractional errors in wavelength shift and gaussian width
introduced by the δλ = 0.01nm spectrometer resolution are propagated into velocity
and temperature measurements as discussed in section [s.5.1.2.2] .
Increasing ion velocity is observed along the jet length rising from uz = 70 ±
3kms−1 at z = 2.0mm to uz = 128 ± 12kms−1 at z = 10.4mm from the anode
post. This is significantly faster than the uz ∼ 80kms−1 and 40kms−1 observed at
z = 10mm in conical array [s.4.2.2.1] and radial foil [s.5.1.2.2] jets respectively. A
linear relationship is suggested across all four fibres as expected for the unconfined
axial expansion of jet fluid into vacuum. Effective temperature is also observed to
increase linearly, reaching much higher value Teff ∼ 400eV than the Ti = 143 eV
observed at later times along the radial foil jets. At Teff = 400eV the equivalent
thermal velocity vT =
√
2kBTeff
mi
= 5×104ms−1. Although this velocity is a significant
fraction of the u = 1.2 × 105ms−1 axial velocity recorded at the same position it is
not impossible that high ion temperatures can be maintained in high pressure low
density material at the jet tip.
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6.2.2 Interaction structure
The earliest dynamics observed at the foil/jet interaction surface are shown in XUV
self-emission in figure 6.10 at t = 210ns and t = 240ns after arrival of current at
the load. Images are scaled relative to the 35.0±1.4mm distance between anode
and cathode post introducing a ±5% uncertainty to distance measurements. By
t = 210ns the radial wire array jet is observed along the array axis extending from
the wire positions into an interaction region at z ∼ 20mm. Jet emission is confined
to an average d = 1.9± 0.2mm diameter, significantly narrower than the d ∼ 5mm
diameter aluminium conical wire array jets of the preceding chapter. In contrast
to the radial expansion of foil jets, the average diameter remains steady across the
∆t = 30ns between images and constant along the jet length between 8 < z < 16mm.
The foil jet is clearly observed at x ∼ 1mm at distances z > 28mm from the radial
wire array surrounded by its halo emission as expected.
The highest emission intensities are recorded at t = 210ns in a cylindrical region
centred at (x, z) = (0, 21.5)mm with average diameter d = 3.1mm and thickness
∆z = 2.3mm. The region is adjacent to inflowing jet material and shall hereafter
be referred to as the beam cap. Expansion of the wire array jet is observed across
the 16 < z < 20mm region reaching the d = 3mm diameter of the beam cap by
z = 20mm. Beam cap plasma is surrounded on all sides by a corona of intermediate
emission intensity extending to typical ∼ 4mm distance from the boundary in all
directions. Coronal emission is brightest in a ∼ 30◦ sector ahead in the direction
of increasing z, consistent with the prediction of higher halo plasma densities sur-
rounding the foil jet than the wire array jet. By t = 240ns the coronal plasma
assumes a parabolic profile ahead of the jet as expected for supersonic flow around
a blunt axial obstruction [s.2.3.3]. The beam cap has advanced to z = 25.6mm by
this time, corresponding to average velocity ubc = 137kms−1. Beam cap thickness is
compressed to ∆z = 0.9mm and diameter is increased to d = 4.4mm.
By t > 250ns shock features within the interaction region are readily observed
using laser probing techniques. Figure 6.11 illustrates structures within the region
centred along the array axis at z = 26mm from the anode post as captured by inter-
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Figure 6.10: Early time interaction between an alu-
minium radial wire array jet (bottom) and an aluminium
foil outflow (top) as captured in XUV self-emission.
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Figure 6.11: Structure of density and shock features at the jet tip as captured
by laser interferometry (a) and shadowgraphy (b) imaging of the probing pulse.
Post-processing enhances the interferometry fringe contrast across the highest
density, lowest signal strength regions (c).
ferometry (a) and shadowgraphy (b) laser probing systems along the same beamline
(see [s.3.1.4]). At the t = 268ns probing time there is very little deviation in the
interferometry fringes from their pre-shot positions across much of the field of view.
Significant deviations are observed along the foil jet z < 28mm close to the central
axis of symmetry |x| < 1 defined by the target hardware. Fringes exhibit modest
shifting ∼ 2 fringe shifts (FS) around the axis in the radial wire array jet region.
A small but defined additional deflection is observed immediately adjacent to the
array axis at x ≈ −0.2mm. This central maxima is flanked by a pair of similar
fringe shift features converging from |x| ∼ 1.5mm at z = 24mm to smaller diameter
at increasing z.
Detail within the beam cap is illustrated by shadowgraphy image figure 6.11
(b). A high density disc centred around the array axis is evident by near complete
obscuration of the probing beam across a ∆z ∼ 2mm, d ∼ 3mm region. Strong
shadowgraphy brightening is observed around both foil and array facing edges sug-
gesting shocks along both leading and trailing edges. At the wire array jet/disc
6.2 Results and Discussion 199
interface the shock is perpendicular to the beam direction as expected for a reverse
shock due to accumulation of jet material at a central contact discontinuity. The foil
facing shock is swept back to an oblique shock structure at r > 2mm in the detached
shock morphology expected for supsersonic propagation of a blunt obstacle into an
ambient gas [s.2.3.3]. Shadowgraphy brightening is also observed within the beam-
cap. At x < 0 a prominent bright fringe is observed perpendicular to the jet axis,
suggesting an additional planar shock feature parallel to the reverse shock. Such
a feature is expected along the contact discontinuity between foil and jet plasmas
if post-shock fluids reach significantly different densities. An analogous region of
strong shadowgraphy brightening is observed for x > 0 but in this region the fringe
intensity is strongly variable along its length.
Strong shadowgraphy driven intensity variations coupled with the low signal
strength renders the fringe pattern difficult to determine within the beamcap. In-
creasing fringe contrast as shown in figure 6.11 (c) allows some estimate of fringe
positions. However, within |x| < 1mm of the array axis it is clear that no reliable
quantitative density measurement is possible in the post shock region. ‘Best guess’
fringe positions are selected in this central region and results treated with appropri-
ate caution. Extracting areal density data in the usual manner an average symmetry
axis at x = −0.16mm is defined between the observed wire array and foil jet axes
as described in section [s.5.2.2.1]. Performing the Abel inversion returns the density
plot shown in figure 6.12 (a) for the two half spaces θ = 0 and θ = pi sampled by
the probing laser.
In addition to the dense central tip and oblique shocks observed in [c.5] at the
interface between slower propagating conical wire array jets and a radial foil ambient
plasma, considerable additional structure is now observed across the interaction. A
pronounced, high density ne ∼ 1 × 1019cm−3, small diameter r ∼ 0.5mm nozzle
is observed at z = 28mm. Ahead of this constriction the flow diameter expands
rapidly to r ∼ 1mm over ∆z = 0.5mm and enters the r ∼ 1.5mm beamcap region.
Density within the wire array jet is modified strongly from the in vacuo case imaged
in figure 6.2. At z > 22mm a subsidiary high density ne ∼ 5 × 1018cm−3 feature is
observed along the jet axs. This secondary jet is much narrower than the r ∼ 1.5mm
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parent jet, with full diameter less than d < 1mm. At z > 25mm it is flanked by
rarefaction regions at considerably lower density ne < 1× 1018cm−3 than incoming
jet material which are in turn enclosed at larger radius by a high density shell
running along the jet boundary. This flow pattern is very similar to the set of
internal shocks expected within the flow diamonds of a highly supersonic, strongly
pressure un-matched gaseous jet (see [s.2.3.3]) where the edges of the flow diamond
form a characteristic barrel shock structure to provide sufficient redirection of flow
into each subsequent constriction.
Axial profiles across the interaction region are included in figure 6.12 (b)–(c). At
sufficiently large radius r > 1mm density values become accurate to within 10% even
in regions where the average system axis specified for the Abel inversion is known
to deviate from the appropriate symmetry axis. Both r = 1.5mm and r = 2.0mm
profiles shown in figure (b) exhibit the same blast wave structure observed in conical
wire array propagation within a radial foil ambient, with a pronounced shock at the
leading edge followed by a rarefaction wave. At r > 1.5mm the decay falls to
low value with decreasing axial position z, but for r = 1.5mm a gentle increase
is observed at z < 24mm due to gradual expansion of the radial wire array jet.
The maximum post shock density decreases with increasing radius from ne ∼ 6.0×
1018cm−3 at (r, θ) = (1.5mm, pi) to ne ∼ 1.4× 1018cm−3 at (r, θ) = (3.0mm, pi) and
the trend is similar for θ = 0.
Shock morphology across the interaction is significantly different at small radii
r < 1.5mm as shown in figure 6.12. As anticipated from XUV self-emission images
highest densities are observed within the beam cap region 28 < z < 30mm. This
region is bounded on both edges by reverse shock features generated by the shock
deceleration of inflowing foil and wire array material. A gentle increase in density
is observed towards lower z due to the gradual expansion of the wire array jet
material across this region. This trend is terminated abruptly by a sharp decrease
in density at z ∼ 27mm and z ∼ 25mm for the r = 0.5mm and r = 1.0mm
profiles respectively, corresponding to the barrel shock position. At r = 0.5mm the
discontinuity is less clear, and the density profile suggests a slight concave profile
indicative of an expansion wave. At this radius a pronounced density minimum
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Figure 6.12: Electron density plot ne(r, θ, z) (a) generated by Abel inversion
of interferometry data about an average conical/foil symmetry axis. Vertical
profiles are shown for θ = pi at radial positions r ≥ 1.5mm (b) and r ≤ 1mm
from the symmetry axis.
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Figure 6.13: Electron density jumps (a) and effective adiabatic indices (b) across
the detached shock at the tip of an aluminium radial wire array jet propagating in
an aluminium radial foil ambient.
is observed for lower z in both half spaces into which a rarefaction expansion is
required. It is likely that this under-pressure is driven by strong deflection of the
jet flow from the jet-ambient boundary at z < 25mm. This scenario is consistent
with the observation of pronounced rarefaction valleys and enhanced on-axis density
across this axial region in figure 6.12 (a).
As demonstrated in the preceding chapter, it is possible to place limits on the
adiabatic index of foil material by consideration of the density jump across the well
resolved foil reverse shock. Denoting pre- and post-shock fluids with the subscripts
0 and 1, the density jumps J = ne1/ne0 at ∆r = 0.5mm intervals across the the
θ = 0 half-space from are illustrated in figure 6.13 (a). Recalling expression (5.8)
restated below (6.1), the density jump can be related to adiabatic index γ at each
position r along the shock. This relationship is valid if the shocks are strong and
will over-predict gamma for weaker shocks where further compression, and hence
lower γ, is possible.
γ =
1
J
+ 1
1− 1
J
(6.1)
The density jumps of figure 6.13 (a) exhibit an almost linear increase at small
radius, from J = 1.8 at r = 0.5mm to J = 21 at r = 2mm. With the exception of
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J = 1.8 all jumps exceed the minimum monatomic gas value of J > 4 required for
a strong shock. Larger density jumps are expected for increasingly rarefied plasma,
where high statistical weight associated with ionisation favours complete dissociation
of electron and ion across the jump rather than bound-bound electronic excitations.
Beyond r = 2mm the jump falls sharply to J = 6.2 at r = 3mm. This region is
beyond the influence of the radial wire array jet, which extends to |r| = 2.0mm at its
broadest. It is likely therefore that decreasing density jump at large radius reflects
weakening of the shock front in this region. The trend is mirrored in the variation
of adiabatic index (c), which reaches a minimum value of γ = 1.10 at r = 2mm.
Assuming shocks are strong at 1 ≤ r ≤ 2mm an average index of γ¯ = 1.15 is
observed.
Uncertainties are estimated as described in section [s.5.2.2.1] and are dominated
at r < 1.5mm by the dX ≈ 0.4mm deviation of the symmetry axis of the foil jet from
the Abel inversion axis and at larger radius by the decreasing signal to noise ratio
within low density pre-shock plasma. As before, truncation of the Abel integral at
r = 5mm discounts background density at larger radii, thereby reducing both pre-
and post-shock densities by a constant value. True density jumps may therefore
be somewhat smaller than those recorded in figure 6.13 (a). It is encouraging to
note that the lowest effective adiabatic indices γ = 1.1 ± 0.05 recorded in this
experiment for the lowest density strong shocks are consistent within experimental
uncertainty with the γ = 1.2± 0.2 minimum indices observed in both tungsten and
aluminium conical wire array jet propagation into an aluminium foil ambient. As
suggested in [s.5.3], it is likely that this low index represents the complete excitation
of ionisational degrees of freedom in the in-streaming foil plasma. In this case it is
the higher strength of the shocks expected for the higher momentum density radial
wire array jets that drives the adiabatic index faster to low value than observed
across the oblique shocks formed at the tip of the conical wire array jets.
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Figure 6.14: Late time evolution of an aluminium radial wire array jet propa-
gating within an aluminium foil ambient as captured in optical self-emission.
A bright, small diameter secondary jet is observed along the array axis from
t > 300ns (ii) which propagates into the foil terminating the interaction (iii).
6.2.3 Instability growth and termination of the interaction
Following the contraction of the jet to small diameter, the r ∼ 1mm nozzle observed
in figure 6.12 proceeds to drive a secondary, tighter diameter jet deeper into the
undisturbed ambient. Figure 6.14 illustrates the time evolution of this process as
imaged at ∆t = 30ns intervals in optical self-emission. Image (i) is captured at
similar time to the density maps of the preceding section, but during a different
experiment. Contraction of the primary jet from maximum d ≈ 4mm diameter is
clearly resolved in the region 22 < z < 26mm where densities are sufficiently high
to stimulate significant optical emission. Highest emission intensity is observed in a
∆x ∼ 2mm diameter central plug at (x, z) = (0.5,27)mm. This region is adjacent to
both radial foil jet and the throat of the contracting wire array jet and it is therefore
no surprise therefore to record highest post-shock densities at this position. Note the
similar indented tip structure as observed at early times for the alumimium conical
wire array jet interactions with a radial foil [s.5.2.2.1].
Over the subsequent ∆t = 60ns (ii)–(iii) the formation and propagation of a
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Figure 6.15: Late time evolution of an aluminium radial wire array jet propa-
gating within an aluminium foil ambient imaged in XUV emission. The leading
detached shock is disrupted by the RT instability (ii) and jet material is wound
into KH whorls by the counter-propagation of post shock ambient media (iii).
brightly emitting, small diameter d < 1mm central jet is observed. By t = 334ns
this secondary jet has propagated into the high emission region adjacent to the foil,
terminating the interaction. During this process the interaction surface is flanked at
large |x| > 2mm by a pair of highly symmetric attached oblique shocks. Half opening
angle reduces dramatically with increasing interaction time and by t = 334ns the
average angle reaches θ¯ 1
2
= 16.5◦. Application of (5.7) yields an lower limit M > 3.5
for the jet propagation Mach numberM = ujet/cambient. It is therefore clear that for
equivalent jet material the jet-ambient interaction due to a radial wire array achieves
higher propagation Mach numbers than possible using the outflow of a conical wire
array for which the smallest observed half opening angles yeild M = 1.7± 0.1.
This increase in interaction Mach number results in the development of a different
set of hydrodynamic instabilities within the interaction region as shown in XUV
self-emission images 6.15 (i)-(iii). Deceleration of the leading edge due to increasing
foil density results in development of a Rayleigh-Talyor (RT) instability which is a
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highly repeatable feature of these more powerfully driven jet-ambient interactions.
In the most advanced stages imaged in figure 6.15 (iii) an additional discontinuity
surface becomes visible at r ∼ 1mm from the brightly emitting jet core. This surface
separates a region of intermediate intensity emission from the low emission intensity
surrounding fluid at r > 1mm and is strongly perturbed by the t = 334ns imaging
time. Perturbations are similar in form to the whorls expected in the advanced
stages of a Kelvin-Helmholz instability [s.2.3.4] due to the counter-propagation of
adjacent fluids. The region r > 1mm from the jet axis is enclosed within the oblique
shocks observed in figure 6.14 at equivalent time in the optical waveband. Thus we
have ultimately achieved the fully developed flow pattern appropriate for supersonic
propagation through an ambient medium (see figure 2.14) in which ambient medium
crosses the oblique shocks and counter-propagates alongside the jet boundary.
6.3 Summary
Over the preceding sections we have demonstrated the interaction structures gener-
ated by the propagation of an aluminium radial wire array jet into the outflow plasma
of an aluminium foil. Beyond the limits of the axial extent of the wire array the setup
is identical to that used in [c.5] for the interaction of the M ≡ ujet/cambient > 1.7
conical wire arrays into the same ambient plasma. Thomson scattering velocimetery
at t = 174ns immediately before initiation of the interaction [s.6.2.1] indicates fluid
velocities ujet > 1.2 × 105ms−1 at z > 10mm from the wire array electrode sur-
faces, considerably faster than the ujet > 0.8× 105ms−1 observed at similar position
and time in conical wire array outflows [s.4.2.2.1]. The half opening angle of oblique
shocks observed around the jet tip indicates jet propagation Mach numbersM > 3.5
and the falling opening angle with experimental time (figure 6.14) suggests a larger
steady state value. Thus the leading shocks generated by radial wire array jets are
found to propagate at higher Mach numbers than those due to conical wire array
jets of the same material propagated into the same ambient medium. This increase
reflects higher upstream Mach numbers generated by the stronger shocks driven by
the higher pressure, more tightly collimated d = 1.9± 0.1mm radial wire array jets
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(expression (2.30)).
In contrast to the attached oblique shocks observed at the propagating tip of
the conical wire arrays a normal shock is observed at r < 1mm from the radial
wire array jet axis (figure 6.12). This shock is deflected towards the Mach angle
at larger radii, forming the characteristic detached shock expected for supersonic
intrusion of a blunt obstacle into an ambient gaseous medium [s.2.3.3]. This change
in morphology is also consistent with a higher pressure jet, which is less readily
streamlined by the oncoming flow. Higher density jumps are also observed across
the shock, reaching a maximum J = 21 ± 3 - considerably larger than the average
J¯ = 7 observed across the attached shocks of conical wire arrays of the same material
- also consistent with a higher pressure difference across the radial wire array shock.
The effective adiabatic index defined in the strong shock limit tends to a minima
γ = 1.15 at r = 2mm from the jet axis consistent with the decreasing trend observed
with radius from the conical jet axis in [s.5.2.2.1]. It is most likely that this decrease
reflects the higher statistical weight associated with ionisation processes at lower
density. At larger radius r > 2mm density jumps weaken and the resulting increase
in adiabatic index is most likely a systematic error associated with the failure of the
strong shock limit across these highly oblique shocks.
At t > 300ns after initiation of current at the load the interaction is terminated
by the development of Rayleigh-Taylor instabilities along the detached shock and the
advanced stages of a Kelvin-Helmholtz instability along the jet boundary. The latter
process is indicative of significant post-shock density in the counter-propagating
ambient fluid which has passed across the detached shock. Both instabilities are
candidates for the origin of the highly emitting filaments observed in the interaction
region associated with the Herbig-Haro features at the propagating tip of young
stellar jets and it is clear that the radial wire array/radial foil interaction region
enables the study of such features in laboratory plasmas.
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Chapter 7
Conclusions and Further Work
7.1 An Experimental Platform for Jet-Ambient In-
teraction Studies
Over the preceding chapters we have described the development and operation of
a z-pinch platform by which radiatively cooled plasma jets can be interacted with
ambient plasma under highly repeatable laboratory conditions. The interactions are
well described by a hydrodynamic model and radiation is found to play a critical
role in determining the evolution of structure within the interaction region. Jet
and ambient plasmas are generated under the same (Imax, trise) = (1.4MA,240ns)
current pulse by combination of thin conductive targets in series as shown in figure
7.1. Wire array and foil targets are connected between primary machine electrodes
and a pair of secondary electrodes spaced by a cylindrically symmetric set of current
carrying posts. The response of the system under different ambient forming arrays
is demonstrated for wide cylindrical array precursor column plasmas [c.4] and radial
foil outflows [c.5] shocked by injection of the tungsten conical wire array jets char-
acterised in [s.4.2]. The influence of different jet forming arrays on the radial foil
ambient characterised in [s.5.1] is investigated by substitution of radial wire arrays
[c.6] in place of the aluminium conical wire arrays of chapter [c.5].
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Figure 7.1: The series z-pinch experimental platforms in the double wire array
(a) and wire array/foil configurations (b). Individual targets can be readily
exchanged according to user demand.
7.1.1 Influence of the ambient medium
The ambient plasma accumulated within the precursor column of a large diameter
D > larray cylindrical tungsten array is characterised in [s.4.1]. The column of a
D = 30mm, 16 wire, d = 10µm is observed to reach maximum electron density
ne = 8 ± 0.4 × 1018cm−3 at t = 220ns after initiation of current at the array. The
column extends to large diameter Dp > 10mm and electron density falls linearly
with increasing radial distance, consistent with the steady deceleration of radially
in-streaming plasma launched from array wires under the viscous action of particle
collisions [s.4.1.2.2]. At a critical collapse time the column is observed to shrink
rapidly to small d = 1.2 ± 0.1mm diameter (figure 4.6) within the ∆t = 30ns
interframe time of imaging diagnostics. The collapse time increases with increasing
array diameter and is well approximated by a linear fit [s.4.1.2.1] though a rocket
model fit accounting for the finite plasma generation time at array wires is also
consistent with data for large diameter arrays 25 ≤ D ≤ 37mm.
The outflow plasma generated by a D = 40mm diameter s = 14µm thickness
planar aluminium foil placed across a d = 6.35mm diameter inner electrode is char-
acterised in section [s.5.1]. A central jet is observed surrounded by lower density
halo plasma, both of which propagate rapidly away from the foil surface. Jet di-
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ameter is found to increase linearly over the experimental time, reaching a uniform
d = 3.9±0.3mm at t = 447 after current start and z > 8mm from the foil (see figure
5.8). At this time maximum electron densities ne ∼ 5×1018cm−3 are observed at the
jet base z = 6mm, falling to ne ∼ 1×1018cm−3 by z = 16mm. Radial density jumps
between jet and halo position are no greater than nfoil/nhalo = 4, as expected for a
high density monatomic plasma. Ion velocity and temperature are observed along
the jet length 8 < z < 24mm at t = 423ns into the current drive using a ∼ 1GW
Thomson scattering probing beam injected along the jet axis. Steady temperature
Ti = 143±13eV is observed across the full observation distance suggesting radiative
cooling times are long compared to experimental timescales τC > 30ns for aluminium
foil driven jets. A linear velocity increase is observed along the jet length, consistent
with the unconfined axial expansion of high density fluid at the jet base [s.5.1.2.2].
Values u = 3.2 ± 1 × 104ms−1 are observed at z = 9mm from the foil, rising to a
maximum 7.2± 1× 104ms−1 at z = 23.3mm at the t = 423ns probing time. These
parameters suggest a jet internal Mach number M0 > 10, highly consistent with the
M0 = 10–20 determined from the opening angle of similar foil jets by Suzuki-Vidal
et al. [21].
The cylindrical array tungsten precursor column and aluminium outflow plasma
launched from a radial foil generate dramatically different structure across the inter-
action surface. Most strikingly tungsten plasma suppresses the formation of attached
shocks at the propagating jet tip which are a pronounced feature of interactions with
aluminium foil outflows (figure 7.2). The presence of a normal shock at the jet tip
within the tungsten ambient is confirmed by the formation of a pronounced areal
density discontinuity (figure 4.23). Thus the absence of oblique shocks indicates
rapid collapse of post-shock material to small diameter, indicating cooling times τC
less than the ∆t = 30ns imaging inter-frame time.
7.1.2 Influence of the jet
The conical wire arrays used for the majority of jet interactions presented in this
report are characterised under vacuum using sixteen wire, d = 18µm diameter tung-
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Figure 7.2: Jet-ambient interaction between a tungsten
conical wire array jet (bottom) and (i) tungsten cylindri-
cal wire array (ii) aluminium radial foil plasmas (top).
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sten arrays of electrode diameters and spacing (D, d, l) = (26, 12, 12)mm [s.4.2]. A
flow diamond of maximum diameter d = 2.1± 0.1 and half opening angle θ ∼ 10◦ is
observed along the jet length at modest distance z . 12mm from outflow electrode
(figure 4.16) as expected for the supersonic outflow of high density fluid into a lower
density medium. At early times t < 240ns the outflow is well approximated by a
centred rarefaction wave, as expected for the sudden axial expansion of high den-
sity fluid confined at the centre of the wire array into vacuum. Best fit parameters
yield sound speed c0 = 4 × 104ms−1 and effective adiabatic index γ = 1.4 for the
jet material, consistent with the average γ¯ = 1.4 ± 0.1 adiabatic indices observed
for aluminium shocks throughout this work. The jet boundary develops sinusoidal
perturbations at later times which travel away from the array region with increasing
velocity along the outflow. The trend is well described by a linear fit suggesting
average perturbation velocities increasing from zero at z = 2mm from the conical
array to up = 8 × 104ms−1 at z = 10mm. The assumption of low relative velocity
between perturbation and fluid axial propagation speeds yields a jet internal Mach
number M0 = 2, consistent with the observed weakly supersonic dynamics observed
during interactions with ambient media.
The interaction of similar (D, d, l) = (20, 12, 12)mm conical wire array jets with
the outflow plasma of a (D, s) = (40mm, 14µm) radial foil [c.5] produces an array of
dynamical structure at the interaction interface. Both aluminium (sixteen wire/d =
40µm) and tungsten (sixteen wire/d = 18µm) jets exhibit flow diamond features
prior to the interaction surface, as expected for propagation within a lower pressure
(vacuum) environment. Maximum jet diameter varies dramatically between the two
materials, with aluminium and tungsten jets material confined within d = 6.0mm
and d = 3.6mm diameters respectively (figures 5.17 and 5.21) for geometrically
identical wire arrays. It is therefore clear that increased radiative cooling associated
with tungsten plasmas produces higher jet collimation under otherwise identical
source parameters. This contraction of the jet profoundly influences subsequent
dynamics, driving the higher momentum density tungsten jets further and faster
into the ambient medium [s.5.2.2.3].
At early times attached oblique shocks are observed at the jet tip which form
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Figure 7.3: Attached shocks at the tip of (i) aluminium and (ii) tungsten conical
wire array jets propagating into the outflow plasma of an aluminium foil.
the primary interaction feature. These shocks are similar in geometry as shown
in figure 7.3, but significantly higher post-shock compression is observed along the
alumimium-tungsten (Al-W) boundary (ii) than at equivalent radial position dur-
ing an aluminium-aluminium (Al-Al) interaction. Effective adiabatic index γ for
these attached shocks decreases linearly with radial distance for the Al-Al interac-
tion, consistent with the decrease expected in lower density pre-shock material at
greater distance from the ambient fluid central axis [s.5.2.2.1]. Best fit adiabatic
indices γ exhibit ideal monatomic gas values γ = 5/3 at the array axis and fall to
minimum value γ = 1.15± 0.2 observed at r = 4mm. In contrast adiabatic indices
observed across the W-Al shock at similar dynamical times maintain steady value
γ = 1.18 ± 0.1, suggesting higher ionisation across the shock stimulated by radia-
tion from strongly cooling post-shock tungsten plasma. The consistency of the two
minimum adiabatic indices and the steady low value observed in Al-W interactions
implies little further additional ionisation is possible across an aluminium shocks
within radial foil halo plasmas.
At late times the interaction surface is disrupted by the development of Rayleigh-
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Figure 7.4: Kelvin-Helmholtz instability reveals significant post shock ambient
flow parallel to the radial wire array jet (b) which is not observed for the larger
diameter conical array jets under the same drive current (a).
Taylor (RT) instability as shown in figure 7.4 (a) due to additional momentum
density injected by implosion of the conical wire array [s.5.2.2.3]. The theoretical e-
folding time τRT for a small sinusoidal perturbation calculated for system parameters
characterised in this report is τRT = 132ns, consistent with the ∆t = 90ns over which
the instability amplitude remains smaller than its wavelength (figure 5.25). A small
x & 1mm perpendicular displacement between conical and foil jet axes is found
to introduce dynamically significant counter-propagation parallel to the interaction
surface. This geometry is unstable to the Kelvin-Helmholtz (KH) instability and
dramatic disruption of the interface is observed along both aluminium (figure 5.24)
and tungsten jets (figure 5.23). The small theoretical e-folding time τKH ∼ 3ns
predicted at system velocities characterised in this project is consistent with the
observation of highly developed KH whorls within the ∆t = 30ns interframe time.
Reduction of jet diameter and increase in fluid velocity achieved by exchange of
conical for radial wire arrays [c.6] influences the properties of both oblique shocks
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and subsequent interaction geometry. Initial oblique shocks become detached from
the jet tip, and a normal shock is observed within r < 1.5 of the jet axis. Such
geometry is typical of supersonic flow around a blunt obstacle and indicates higher
pressure behind the radial wire array jet tip than delivered by the conical wire
array jets. For aluminium array wires the maximum pre-interaction radial wire
array jet diameter d = 3mm is significantly smaller than the d = 6mm observed
in conical wire array jets under otherwise identical experimental conditions. Values
of M = 1.7 ± 0.1 and M = 3.5 ± 0.1 are observed for the jet propagation Mach
number M ≡ ujet/cambient at t = 412ns and t = 334ns for the conical and radial
wire array jets respectively. This observation confirms the above conclusion that
under equivalent drive current (D, d) = (40, 6, 4)mm radial wire array jets inject
higher pressures into the interaction region than (D, d, l) = (20, 12, 12)mm conical
wire arrays of similar material, driving jet tips faster into the ambient medium.
7.2 Future directions
The increase in jet momentum density produces a host of additional complexity
which must be the topic of future work. The leading edge is ultimately disrupted by
RT instabilities and post-shock ambient fluid heavily perturbs the jet boundary as
shown in figure 7.3 (b). Similar instabilities are very likely at work in the formation
of structure within the interaction region between astrophysical jets and their envi-
ronments. The current generation of observational facilities are currently returning
self-emission images from the Herbig-Haro interactions at the tip of young stellar
jets to unprecedented resolution. It is certainly possible that the oscillation of the
interaction surface reproduced from the Hartigan et al. (2011) [24] in figure 7.5 is
the product of KH instability following the radiative collapse of jet material in a
similar manner to the tungsten jets of section [s.5.2.2.3]. Astrophysical hydro-codes
accounting for radiative losses may now be benchmarked against well constrained
experimental data, enabling quantitative statements to be made concerning the
properties of the astrophysical jet-ambient environment.
Experiments presented in this report demonstrate the potential of a z-pinch
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Figure 7.5: Detail at the propagating tip of the young stellar jet
interaction HH1 as presented by Hartigan et al. [24]. A detached
shock is clearly resolved, exhibiting sinusoidally perturbation along
its length.
platform by which the origin of emissive structures within the jet-ambient collision
of two ionised gases can be rigorously tested. Data concerning density jumps, plasma
temperature and fluid velocity can all be established to high accuracy, presenting a
wealth of information by which next generation fluid codes can be tested and their
predictive power enhanced. More importantly however the wealth of experimental
information accessible to the series z-pinch target lays the groundwork for deeper
understanding of plasma interactions from the astrophysical environment to the
terrestrial worlds of rocketry and fusion science. Thus the series z-pinch experimental
platform ultimately presents a lively opportunity for furthering our understanding
of these phenomena in their astrophysical context and beyond.
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Appendices

Appendix A
The Transient Response of LC
Circuits
Much of the pulse formation and compression achieved by the MAGPIE generator
may be understood in terms of the two simple circuits shown in figures A.1 and A.2.
Figure A.1 illustrates the discharge of a fully charged capacitor across a perfect
inductor, whist A.2 considers the discharge of the same capacitor into an ideal loss-
less transmission line.
A.1 LC oscillator
C LVC(t)
q-(t)
q+(t)
VL(t)
Figure A.1: Equivalent circuit describing the transient response of
an ideal inductor L to a charged capacitor C.
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The familiar LC circuit shown in figure A.1 (a) is subject to charge oscillation
following closure of the switch. In steady state the capacitor and inductor voltages
alternate in phase VL(t) = VC following sinusoidally varying profiles between ±Vmax
where Vmax is the initial charging voltage. Current in such a circuit also varies
sinusoidally between I(t) = ±Imax where voltage across the inductor L is related to
circuit current by the familiar relation (A.1). The characteristic oscillation frequency
ω follows from inspection of the charge conservation condition (A.2) enforced by
(A.1) when VL(t) = VC(t).
VL(t) = −LdI(t)
dt
(A.1)
qC(t) = −LCd
2q(t)
dt2
(A.2)
ω =
1√
LC
(A.3)
In the instant following closure of the switch however, the situation is more complex.
The absence of changing current within the inductor prevents any voltage drop across
it at the switch-on time, despite maximal voltage across the capacitor. During this
early phase VL(t = 0) 6= VC(t = 0) and capacitor voltage is instead dropped across
the parasitic resistance of the transfer lines. A different set of boundary conditions
are therefore required for the initial current surge:
at t = 0 : I = 0
dI
dt
= 0
VL = 0 (A.4)
Once I reaches its maximum value the steady state condition is achieved. This limit
imposes further boundary conditions:
at t = t(Imax) : I = Imax
dI
dt
= 0
VL = 0 (A.5)
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The most simple model which satisfies expressions (A.4)–(A.5) is the first half cycle
of a sinusoidal oscillation. When the parasitic resistance is sufficiently small that it
becomes rapidly negligible as current rises in the inductor, the transient oscillation
frequency tends to the natural frequency ω of the circuit (A.3). Thus ideal LC
circuit rise time and current profiles may be modelled to a first approximation by
expressions (A.6)–(A.7).
trise =
pi
ω
= pi
√
LC (A.6)
I(t ≤ trise) = Imax1
2
[1− cosωt] ≡ Imax sin2
(
ωt
2
)
(A.7)
An estimate of surge current can also be made using no more than the results
obtained above. Application of the current pulse (A.7) to the expression for inductor
voltage (A.1) returns the characteristic voltage pulse expected during a transient
(A.8). When the parasitic capacitance of the inductor can also be neglected, the
peak voltage achieved during this cycle must be equal to the peak applied voltage
Vmax. Thus at the moment of peak voltage (sinωt = 1) substitution of result (A.6)
returns expression (A.9) for the surge current.
VL(t) = −LImax1
2
ω sinωt (A.8)
Imax = −Vmax 2
L
trise
pi
(A.9)
The load section of the MAGPIE generator may be modelled as an ideal LC
oscillator where the appropriate capacitance is that of the final transfer line CV TL =
51nF [66], and relevant inductance is that of the MITL and load sections summed in
series i.e. L = LMITL+Lload where LMITL ≈ 92nH [66] and wire array target Lload ≈
17nH [65]. Of the above expressions (A.6) suggests load rise times of trise = 234ns,
in excellent agreement with the experimentally observed trise = 240ns. The recorded
sin2 dependance of the current profile follows directly from (A.7). Expression (A.9)
also provides surprisingly good agreement with the measured Imax = 1.4MA peak
MAGPIE currents, returning Imax = 1.5MA for the expected maximal VTL voltages
Vmax = −1.14MV (section [s.3.1.1]). It is likely that the somewhat lower observed
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current reflects premature discharge of the trigatron switches before erection of the
pulse forming lines to maximum voltage is complete.
A.2 Charging a lossless transfer line
A similar but more straightforward analysis may be applied to the instructive case
shown in figure A.2 in which a capacitor is charged by an ideal capacitor via a pure
inductance.
C
o
Ci
L
q1(t)
Vi(t = 0) Vo(t)
q2(t)
Figure A.2: Equivalent circuit describing the charging of a capaci-
tive load Co from a capacitive source Ci via their mutual inductance.
Closure of the switch drives charge from the input capacitor Ci towards the
output capacitance Co which has zero initial charge. Although the uncharged pate
of capacitor Ci is now fixed to ground the action of inductance L will nonetheless
drive forward current until the input voltage Vi is fully reversed. Conserving total
charge before t = 0 and after t = t closure of the switch yields:
q1(t = 0) = q1(t) + q2(t)
ViC1 = Vo(C1 + C2)
A.2 Charging a lossless transfer line 237
For the total input swing ∆Vi = 2Vi this expression determines the maximum out-
put voltage Vmax delivered by a transfer line of characteristic inductance L and
capacitance Co driven by a capacitive source at voltage Vi:
Vmax = ∆Vo =
2ViCi
Ci + Co
(A.10)
Thus if the primary capacitance exceeds the secondary the charge transfer process
results in amplification of the incident pulse. Both input and output capacitances
subsequently resonate with the inductor at their respective natural frequencies (A.3)
and the duration of the output pulse is thus governed by the secondary capacitance.
For smaller secondary capacitance the output pulse oscillates more rapidly than its
parent pulse. This process is known as pulse compression and is the fundamental
mechanism by which short timescale, high voltage pulses are formed by the MAGPIE
generator. The characteristic LC oscillations of a transfer line following such a
transient are known as ringing and the line ultimately settles at a steady voltage
half that suggested by (A.10).
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Appendix B
Inverse Abel Transformation
The inverse Abel transform (B.1) is evaluated by the MATLAB code included below.
The code accepts areal density data input as an (x, z) array and returns an (r, z)
absolute density plot around a user specified axis of cylindrical symmetry at r = 0.
Differentiation is performed across desired horizontal distance ∆x and integration
as the sum over all relevant horizontal pixels of width dx. A discussion of numerical
error may be found in section [s.3.3.2.3].
ne(r, θ) = − 1
pi
∫ ∞
r
d[nel(x)]
dx
1√
x2 − r2dx (B.1)
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%Code for Abel inverting an (x,y) areal density plot 
  
%__________________________________________________________________________________________________
%0)  Setup 
  
%    i)   Clear Workspace 
%    ii)  Find data in Current Folder and load 
%    iii) Rename data array 'DATA' in workspace 
 
%__________________________________________________________________________________________________
%1)  Code asks for input conditions 
  
%specify width (pixels) across which differentials are evaluated 
delta = 10 
  
%Specify array height, width and position of symmetry axis 
axis = input('array axis position pixel no.')  
%axis = 485 
  
LHedge = input('LH edge pixel no.') 
%edge = 1  
  
RHedge = input('RH edge pixel no.') 
%edge = 1025 
  
axial = input('array axis length pixel no.') 
%axial = 1024 
 
%Specify image scale 
pxpermm = input('pixels per mm') 
%pxpermm = 102 
  
%__________________________________________________________________________________________________
%2)  Crops and flips both halves (LHS & RHS) of the plot 
  
%sets NaN in 'DATA' to zero 
DATA(isnan(DATA)) = 0; 
  
for orientation = 0:1 
     
    if orientation == 0 
        %select appropriate edge 
        edge = LHedge 
    else 
        edge = RHedge 
    end 
     
    if orientation == 0 
        %crop data 
        A = DATA(1:end,1:axis + (delta/2)); 
  
        %transpose data 
        A_T = A.'; 
  
        %flip data vertically 
        B = flipud(A_T); 
    else     
        %crop data 
        A = DATA(1:end,axis-(delta/2):end); 
  
        %transpose data 
        B = A.'; 
    end 
  
 
 
 
 
 
 
%__________________________________________________________________________________________________
%3)  Numerical differentiation across horizontal position  
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%initialises shifted data 
R = zeros(delta,axial); 
C = [R;B]; 
  
%crops shifted data 
C = C(1:end-delta,1:end); 
  
%differentiates 
diff = -(C - B)*(pxpermm/delta); 
  
%remove axial rows 
diff = diff(delta + 1:end, 1:end); 
  
%__________________________________________________________________________________________________ 
%4)  Initialises lower triangular matrix for application of the transform equation 
  
nrows = abs(edge-axis) - delta/2 + 1; 
ncols = nrows; 
M = ones(nrows, ncols); 
  
% Loop through the matrix 
    for r = 1:nrows 
        for c = 1:ncols 
  
            if r == c 
            M(r,c) = 0; 
            elseif (r - c) >= 1 
            M(r,c) = 1; 
            else 
            M(r,c) = 0; 
            end 
  
        end 
    end 
 
  
%__________________________________________________________________________________________________
%5)  Performs the transform  
  
  
    for f = 1:axial 
    D = diff(1:end,f); 
     
        %apply data to matrix 
        for c = 1:ncols 
           E(:,c) = M(:,c).*D; 
        end 
     
        %Divide each element by denominator D = sqrt(y^2 - r^2) 
   
        for c = 1:ncols    
            if c == c 
                for r = 1:nrows 
                    if c == r 
                    F(r,c) = 0; 
                    else 
                    F(r,c) = E(r,c)/sqrt((r^2) - (c^2)); 
                end 
            end 
        end 
    end 
     
    %sum the columns 
    S = sum(F); 
  
    %apply prefactor 
    S = (-1/pi)*S*10; 
  
    %write to row f of matrix 
    densityOUT(f,:) = S;   
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    %ticker 
    f 
    end 
  
    if orientation == 0 
        densityLHS = fliplr(densityOUT); 
    else  
        densityRHS = densityOUT; 
    end 
     
    %clears ghost arrays after first iteration 
    clear E densityOUT 
     
end 
  
clear D E F R S c r nrows ncols f edge 
  
  
%__________________________________________________________________________________________________ 
%6) Bind LHS and RHS and write to (r,θ) plot ‘densityFULL’  
  
densityFULL = [densityLHS.';densityRHS.'].'; 	  
Appendix C
Interpenetrating Isothermal Flows
The intrusion of in-streaming plasma flows to a stationary ambient medium in which
viscosity can no longer be neglected may be most readily modelled as a set of parallel
Couette flows. The appropriate geometry for such an interaction is sketched in figure
C.1. It may readily be shown [91] that the viscous shear force acting on such a
laminar flow in direction x is given by expression (C.1).
F (x, t) = µ(T, t) Σ
u(x, t)
ζ
(C.1)
where F (x, t) is the position dependent shear force by which the moving layer is
decelerated, u(x, t) is the maximum velocity of the moving layer at its midplane
and ζ is its half-thickness, Σ is their mutual contact area and µ(T ) is the dynamic
viscosity of the fluid. The dynamic viscosity of a weakly non-ideal gases is given by
Sutherland’s formula (C.2) [92].
µ(T ) = µrtp
T
3
2
T + C
(C.2)
Values for the room temperature viscosity µrtp and the material dependent
Sutherland constant C are tabulated and in the limit of high temperature (and
hence insignificant intermolecular forces) expression (C.2) restores the µ(T ) ∝ T 12
dependancy expected for an ideal gas [92]. Viscosity is therefore constant in an
isothermal flow and the gradient of decelerating forces is given by expression (C.3).
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Figure C.1: Flow geometry expected for the intrusion of
parallel flows within a stationary ambient medium.
∫
dF
dx
dt =
µ Σ
ζ
(C.3)
The gradient of shear forces experienced by laminar fluid layer is thus manifestly
position invariant along the flow direction r. Evaluating the spatial differential in
expression (C.1) yields expression (C.4) from which it is clear that a linear decrease
in fluid velocity is expected along the flow at any instant of observation. Thus the
total change in velocity ∆u across the interaction length ∆x is fully specified.
dF
dx
∼ µ Σ
ζ
du
dx
= µ
Σ
ζ
∆u
∆x
(C.4)
The same gradient of force must be supported within the stationary ambient
fluid such that forces are balanced at all points along the boundary. Recalling the
equation of state of an ideal plasma (C.5) expression (C.6) follows if the process is
isothermal and ne = Z¯ni where Z¯ is its average ionisation state. In this simple model
the total force experienced by the stationary layer is taken up across its sectional
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area A = ξ l where l is the system length.
p = ni(1 + Z¯)kBT (C.5)
dne/dx =
Z¯
(1 + Z¯)kBT
(dp/dr) =
Z¯
(1 + Z¯)kBT
1
A
dF
dx
(C.6)
Thus for a constant gradient of shear force dF/dx and uniform temperature T a
linear relationship is expected between electron density and position along the flow
direction. Equating the force gradients of expressions (C.6) and (C.4) along the
flow boundaries yields an expression for viscosity shown in (C.7). MAGPIE plasmas
are expected to be highly ionised Z¯  1 and so the viscosity is dominated by the
electronic component ∝ Z¯. The contact area Σ = ∆x l is determined by the total
horizontal contact length ∆x and the array length l.
µ(T ) = A
(1 + Z¯)kBT
Z¯
dne
dx
ζ
Σ
∆x
∆u
∴ µ(T ) = ξ l kBT
ζ
∆x l
dne
dx
∆x
∆u
∴ µ(T ) = kBT
ξ ζ
∆u
∣∣∣∣dnedx
∣∣∣∣ (C.7)
We find that for the interpenetration of parallel flows at uniform temperature T
the fluid viscosity µ can be determined from the thicknesses of the moving ζ and
stationary ξ layers if the total change in velocity ∆u and density gradient dne/dx
can be determined.
